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Abstract 
Sodium borohydride (NaBH4) has been the subject of extensive investigation as a potential 
hydrogen storage material. Its advantages include its ability to be stored as a stabilised 
aqueous solution and hydrolysed catalytically on demand, providing hydrogen safely, 
controllably, and at mild conditions. However, several drawbacks were identified by the US 
Department of Energy (DOE) in their “No-Go” recommendation in 2007; namely, the 
limitations on its gravimetric hydrogen storage capacity (GHSC) and its prohibitive 
manufacturing cost. 
This thesis aims to address some of the major issues associated with the use of 
NaBH4 for hydrogen storage. Efforts have been spread across three key research areas, 
which were identified in a review of the recent literature: 
 Synthesising an efficient, durable, and inexpensive catalyst for the hydrolysis of 
aqueous NaBH4 solution 
 The design of a hydrogen storage system based on NaBH4 which can overcome 
the GHSC constraints imposed by the solubility of its hydrolysis by-product, NaBO2 
 The development of a novel recycling process for regenerating NaBH4 from NaBO2, 
with the goal of reducing its production cost to within the DOE’s target range of $2-4 
per gallon of gasoline equivalent (gge) 
To achieve the first goal, a new electroless plating method was developed for 
preparing cobalt-boron (Co-B) catalysts supported on shaped substrates. This method 
involves mixing the plating solutions at low temperature (<5 oC), in contrast to previously 
employed methods, which are generally carried out at room temperature or higher. The 
new method requires only one plating step to achieve the desired catalyst loading, and has 
higher loading efficiency than processes requiring multiple plating steps, due to reduced 
catalyst wastage. The catalysts produced by this method show significantly higher NaBH4 
hydrolysis activity than those prepared by conventional methods, with a hydrogen 
generation rate over 24000 mL/min/g recorded at a temperature of 30 oC and a NaBH4 
concentration of 15 wt%. The improved activity of these catalysts was thought to be due to 
their increased boron content and nanosheet-like morphology, both of which are products 
of the low temperature preparation method. 
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The stability of these catalysts was examined over several usage and deactivation 
cycles, which involved long-term exposure to alkaline solution. It was found that the 
deactivated catalysts were able to recover 80-90% of their initial activity even after 10 
cycles, if operated at 40 oC or higher. Characterisation of the deactivated catalysts 
revealed that a layer of NaBO2 had formed on the surface, blocking the catalytically active 
Co sites. The improved cyclic stability is most likely due to the dissolution of this layer at 
higher temperatures. 
A new reactor design for a NaBH4-based hydrogen storage system was developed, 
with the goal of overcoming the GHSC limitations encountered by conventional system 
designs. The new design is based on a fed-batch configuration in which solid NaBH4 is 
added gradually to a container of alkaline solution and reacted as it is needed, eliminating 
the need for high NaBH4 concentrations. The reactor is separated into high and low 
temperature zones, each of which serves a different purpose; the hydrolysis of NaBH4 
occurs in the former, while crystallisation of the by-product NaBO2 occurs in the latter. This 
separation helps to prevent the crystallised NaBO2 from blocking and damaging the 
catalyst, which is a major issue encountered in previous designs. A 2.0 L-scale prototype 
reactor was built and tested, with a maximum GHSC of 4.10 wt% achieved on a reactants-
only basis. This was increased to 4.74 wt% with simulation of water recycling from an 
attached fuel cell. 
Finally, a novel process for the low-cost regeneration of NaBH4 was proposed. This 
process uses organometallic hydrides to produce NaBH4 from an alkoxylated derivative of 
NaBO2, a new reaction which is reported for the first time in this thesis. The production of 
NaBH4 was confirmed by XRD, XPS, and NMR analyses, and an unoptimised yield of 45% 
was obtained. The organometallic hydrides can themselves be regenerated within the 
process, by thermal decarboxylation of the corresponding organometallic formate. If all 
intermediates are recycled, the only key input into the process is formic acid, a relatively 
inexpensive organic reagent. It is anticipated that this process can provide cost and energy 
savings of an order of magnitude relative to current NaBH4 production methods. 
 iii 
Declaration by author 
This thesis is composed of my original work, and contains no material previously published 
or written by another person except where due reference has been made in the text. I 
have clearly stated the contribution by others to jointly-authored works that I have included 
in my thesis. 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional 
editorial advice, and any other original research work used or reported in my thesis. The 
content of my thesis is the result of work I have carried out since the commencement of 
my research higher degree candidature and does not include a substantial part of work 
that has been submitted to qualify for the award of any other degree or diploma in any 
university or other tertiary institution. I have clearly stated which parts of my thesis, if any, 
have been submitted to qualify for another award. 
I acknowledge that an electronic copy of my thesis must be lodged with the University 
Library and, subject to the General Award Rules of The University of Queensland, 
immediately made available for research and study in accordance with the Copyright Act 
1968. 
I acknowledge that copyright of all material contained in my thesis resides with the 
copyright holder(s) of that material. Where appropriate I have obtained copyright 
permission from the copyright holder to reproduce material in this thesis. 
 
 iv 
Publications during candidature 
Journal Publications 
Muir, SS & Yao, XD 2011, ‘Progress in sodium borohydride as a hydrogen storage 
material: Development of hydrolysis catalysts and reaction systems’, International Journal 
of Hydrogen Energy, vol. 36, no. 10, pp. 5983-97. 
Muir, SS, Chen, ZG, Wood, BJ, Wang, LZ, Yao, XD & Lu, GQ 2013, ‘New electroless 
plating method for preparation of highly active CoB catalysts for NaBH4 hydrolysis’, 
International Journal of Hydrogen Energy (submitted). 
Provisional Patents 
The University of Queensland 2012, Process, AU Patent 2012904699. 
The University of Queensland 2012, Substrate, AU Patent 2012904700. 
The University of Queensland 2012, Reactor, AU Patent 2012904953. 
Conference Presentations 
Muir, SS 2010, ‘New method for synthesising Co-B catalysts for NaBH4 hydrolysis with 
high cyclic stability’, presented to the 7th Annual Conference of the ARC Centre for 
Functional Nanomaterials, Gold Coast, 25-26 November. 
Muir, SS, Chen, ZG, Wang, LZ, Yao, XD & Lu, GQ 2012, ‘New electroless plating method 
for preparation of highly active CoB catalysts for NaBH4 hydrolysis’, paper presented to the 
8th Annual Conference of the ARC Centre for Functional Nanomaterials, Sydney, 15-16 
November. 
 
Publications included in this thesis 
No publications included. 
 v 
Contributions by others to the thesis  
Prof Max Lu, A/Prof Xiangdong Yao and A/Prof Lianzhou Wang all contributed to the 
thesis in an advisory capacity, particularly in the conception and design of the project and 
its goals. Further contributions in this area were made by Mr Angus Lilley and Mr Edo Dol 
of Control Technologies International. Mr Dol also contributed to the designing and testing 
of the NaBH4 hydrolysis reactor. 
Cyclic stability testing of the Co-B catalysts (Chapter 4) was carried out by Mr Xinyang 
Li as part of his Masters of Engineering program. The SEM, TEM, and EDX analyses in 
Chapter 3 were carried out by Dr Zhigang Chen. XPS experiments (Chapters 3, 4, and 6) 
were conducted by Dr Barry Wood, who also contributed to the interpretation of the data 
for compositional analysis. ICP-OES analysis in Chapter 3 was carried out by Mr David 
Appleton. NMR experiments in Chapter 6 were conducted by Dr Ekaterina Strounina (11B) 
and Dr Lynette Lambert (1H and 29Si), both of whom also contributed to the analysis and 
interpretation of the data. 
 
Statement of parts of the thesis submitted to qualify for the award of another degree 
None. 
 
 vi 
Acknowledgements 
I have been privileged to receive the support and assistance of so many people over the 
past four years. First and foremost, thanks must go to my advisory team of Prof Max Lu, 
A/Prof Xiangdong Yao and Prof Lianzhou Wang, for giving me the opportunity to 
undertake this PhD, and for their support and guidance along the way. Thanks must also 
go to my collaborators at Control Technologies International: Mr Angus Lilley, Mr Edo Dol, 
Mr Stephen Brown, and Mr Matthias Abram. It has been a pleasure to work with you all, 
and I hope you have enjoyed seeing this project come to fruition as much as I have. 
I wish to express my gratitude to those who provided technical support and assistance 
with my experimental work: Mr Xinyang Li, Dr Zhigang Chen, Dr Barry Wood, Mr David 
Appleton, Dr Ekaterina Strounina, and Dr Lynette Lambert. Thanks must also go to all 
those who built or provided support with lab equipment: Mr Robin Berlyn of UQ 
Glassblowing Services, Mr Robert Orr of Labglass, Mr Malcolm Marker and Mr Peter 
Bleakey of the EAIT Instrumentation Support Group, and Mr Ian Livingstone of AVT 
Services. 
During 2010 I had the privilege of working at the Institute of Metal Research at the 
Chinese Academy of Sciences in Shenyang, China P.R. I am extremely grateful for the 
hospitality and financial support that I received during this time, and in particular I wish to 
thank Prof Hui-Ming Cheng, A/Prof Ping Wang, Dr Hong-Bin Dai, Mr Zhanzhao Fang, Mr 
Chaoren Liu, Ms Zhe Zhao, and Ms Haijie Xia. Helping to proof-read English papers can 
only repay a fraction of the debt of gratitude that I owe you. 
I would like to thank my fellow group members, past and present: Mr Yi (Alec) Jia, Ms 
Atikah Kadri, Mr Tai Sun, Dr Md Abdul Wahab; as well as all the students and staff at 
ARCCFN who lent a hand somewhere along the way: Ms Celestien Warnaar-Notschaele, 
Ms Cheryl Berquist, Mr Chaoqing Lu, Dr Jorge Beltramini, Prof Michael Yu, Dr Amirali 
Popat, Dr Muxina Koranova, Mr Abhijit Shrotri, Mr Siddarth Jambrukhar, Ms Erika Fiset, Mr 
Sandy Budi Hartono, and Mr Ryan Harrison.  
A big thanks must go to those outside my group who have given up their own time to 
answer technical questions and share their expertise: Dr Aaron Micallef, Dr Jeffrey Mak, 
A/Prof Craig Williams, Prof Paul Bernhardt and Prof Ian Gentle. Thanks also to Ms Michiyo 
 vii 
Matsuda, Dr Phil Nelson, Dr Sandeep Sarathy, Mr Michael Angliss, and Mr Julian Curwen 
for their assistance in the commercialisation aspect of this project; and to Mr Tony 
Miscamble and Ms Laurie Sendra for administrative support. 
I would like to acknowledge the financial assistance from the Australian Postgraduate 
Awards scholarship, the AIBN, and my supervisors Prof Max Lu and A/Prof Xiangdong 
Yao.  
Special thanks to Martin, Sarah and Benji for putting up with my odd hours. And of 
course, thanks to my loving and supportive family for being there for me every step of the 
way. Clichéd though it may sound, I truly could not have done this without you. 
  
 viii 
Keywords 
Sodium borohydride, hydrogen storage, catalyst, reactor design, recycling process 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
ANZSRC code: 030601, Catalysis and Mechanisms of Reactions, 40% 
ANZSRC code: 090403, Chemical Engineering Design, 40% 
ANZSRC code: 090201, Automotive Combustion and Fuel Engineering (incl. 
Alternative/Renewable Fuels), 20% 
 
Fields of Research (FoR) Classification 
FoR code: 0306, Physical Chemistry (incl. Structural), 50% 
FoR code: 0904, Chemical Engineering, 50% 
 
 
  
 ix 
Table of Contents 
Chapter 1: Introduction ............................................................................................................................... 1 
1.1 Background .................................................................................................................................... 1 
1.2 Objectives ...................................................................................................................................... 4 
1.3 Structure of Thesis ......................................................................................................................... 4 
Chapter 2: Literature Review ...................................................................................................................... 7 
2.1 Catalyst Research ......................................................................................................................... 7 
2.1.1 Non-Noble Metal Catalysts .................................................................................................... 7 
2.1.2 Noble Metal Catalysts .......................................................................................................... 15 
2.1.3 Evaluation ............................................................................................................................ 18 
2.2 Storage System Design ............................................................................................................... 19 
2.2.1 Catalytic Hydrolysis of NaBH4 Solutions .............................................................................. 19 
2.2.2 Non-Catalytic Systems ........................................................................................................ 24 
2.2.3 Catalyst Precursor Systems ................................................................................................ 27 
2.2.4 Evaluation ............................................................................................................................ 28 
2.3 NaBO2 Recycling Systems .......................................................................................................... 31 
2.3.1 Current Processes for NaBH4 Production ............................................................................ 31 
2.3.2 Regeneration with Metals/Metal Hydrides ........................................................................... 33 
2.3.3 Regeneration with Hydrogen/Organic Inputs ....................................................................... 36 
2.3.4 Electrolytic Regeneration Processes ................................................................................... 37 
2.3.5 Evaluation ............................................................................................................................ 38 
2.4 Conclusions ................................................................................................................................. 39 
Chapter 3: Catalyst Preparation ............................................................................................................... 53 
3.1 Introduction .................................................................................................................................. 53 
3.2 Experimental ................................................................................................................................ 54 
3.2.1 Catalyst Synthesis ............................................................................................................... 54 
3.2.2 Catalyst Testing and Characterisation ................................................................................. 55 
3.3 Results and Discussion ............................................................................................................... 56 
3.3.1 Comparison of Catalyst Synthesis Methods ........................................................................ 56 
3.3.2 Optimisation of Catalyst Synthesis Parameters .................................................................. 63 
3.3.3 Investigation of Hydrolysis Reaction Conditions .................................................................. 65 
3.4 Discussion.................................................................................................................................... 68 
3.5 Conclusions ................................................................................................................................. 69 
Chapter 4: Catalyst Cyclic Stability ......................................................................................................... 73 
4.1 Introduction .................................................................................................................................. 73 
4.2 Experimental ................................................................................................................................ 74 
4.2.1 Catalyst Deactivation and Reactivation ............................................................................... 74 
 x 
4.2.2 Characterisation of Activated/Deactivated Catalysts ........................................................... 74 
4.3 Results ......................................................................................................................................... 75 
4.3.1 Temperature Dependence of Catalyst Reactivation ............................................................ 75 
4.3.2 Concentration Dependence of Catalyst Reactivation .......................................................... 77 
4.3.3 Extended Cyclic Stability Testing......................................................................................... 78 
4.3.4 XPS Analysis of Catalysts During Cycling ........................................................................... 80 
4.4 Discussion.................................................................................................................................... 82 
4.5 Conclusions ................................................................................................................................. 84 
Chapter 5: New Fed-Batch Reactor Design ............................................................................................ 87 
5.1 Introduction .................................................................................................................................. 87 
5.2 Preliminary Modelling .................................................................................................................. 89 
5.3 Laboratory-Scale Reactor Simulation .......................................................................................... 92 
5.3.1 Initial Testing ........................................................................................................................ 92 
5.3.2 Water Recycle Testing ......................................................................................................... 95 
5.4 Prototype Reactor Testing ........................................................................................................... 97 
5.4.1 Initial Testing ........................................................................................................................ 97 
5.4.2 Water Recycle Testing ....................................................................................................... 101 
5.5 Discussion and Further Improvements ...................................................................................... 106 
5.6 Conclusions ............................................................................................................................... 111 
Chapter 6: NaBH4 Recycling Process .................................................................................................... 114 
6.1 Introduction ................................................................................................................................ 114 
6.2 Process Design .......................................................................................................................... 116 
6.2.1 New Reaction for NaBH4 Production ................................................................................. 116 
6.2.2 Regeneration of Organometallic Hydride .......................................................................... 117 
6.2.3 Block Flow Diagram ........................................................................................................... 119 
6.3 Experimental .............................................................................................................................. 122 
6.3.1 Synthesis of NaBH4 ........................................................................................................... 122 
6.3.2 Characterisation of Reaction Products .............................................................................. 123 
6.4 Results ....................................................................................................................................... 124 
6.4.1 Reaction Yield Analysis ..................................................................................................... 124 
6.4.2 Product Characterisation ................................................................................................... 125 
6.5 Discussion.................................................................................................................................. 130 
6.6 Process Analysis ....................................................................................................................... 133 
6.6.1 Comparison of Schlesinger and Organometallic Processes ............................................. 133 
6.6.2 Scope for Improvement ..................................................................................................... 137 
6.7 Conclusions ............................................................................................................................... 139 
Chapter 7: Conclusions .......................................................................................................................... 143 
 xi 
7.1 Contributions to Knowledge ....................................................................................................... 143 
7.2 Recommendations for Future Work ........................................................................................... 144 
Appendices .............................................................................................................................................. 146 
Appendix A: Mass Balance Tables ........................................................................................................ 146 
Appendix B: Energy Balance Tables ..................................................................................................... 147 
Appendix C: Economic Potential Analysis ............................................................................................. 149 
 
List of Figures 
Figure 1.1: Volume of 4 kg of hydrogen stored in various ways  ...................................................................... 1 
Figure 2.1: Catalytic reaction mechanism of aqueous NaBH4  ......................................................................... 9 
Figure 2.2: General continuous flow reaction system design  ......................................................................... 20 
Figure 2.3: Maximum usable NaBH4 concentration at various temperatures  ................................................ 22 
Figure 2.4: Continuous flow system with single reactants/products tank  ....................................................... 24 
Figure 2.5: NaBH4 hydrolysis system using steam  ......................................................................................... 25 
Figure 2.6: NaBH4 deliquescence phase diagram  .......................................................................................... 26 
Figure 2.7: Dynamic response profile of a catalyst precursor-based NaBH4 hydrolysis system  ................... 29 
Figure 2.8: Schlesinger process for NaBH4 production  .................................................................................. 32 
Figure 2.9: Schematic of NaBH4 utilisation and regeneration processes ........................................................ 35 
Figure 3.1: Comparison of LT and RT catalysts: cumulative H2 production (a), and specific HGR (b) ........... 56 
Figure 3.2: SEM images of LT catalyst (a),(b), and RT catalyst (c),(d) ........................................................... 57 
Figure 3.3: TEM images of LT catalyst (a), and RT catalyst (b) ...................................................................... 58 
Figure 3.4: XRD patterns of LT and RT catalysts ............................................................................................ 59 
Figure 3.5: EDX spectra of LT catalyst (a), and RT catalyst (b) ...................................................................... 60 
Figure 3.6: High resolution XPS spectra of LT and RT catalysts: Co 2p3/2 (a), B 1s (b) ................................. 61 
Figure 3.7: Effects of pH and free NH3/Co ratio on catalyst loading ............................................................... 63 
Figure 3.8: Effects of pH and free NH3/Co ratio on HGR per gram catalyst (a), and HGR per cm2 Ni foam (b)
 ......................................................................................................................................................................... 64 
Figure 3.9: Effect of catalyst loading on specific HGR per gram and per cm2 ................................................ 65 
Figure 3.10: Temperature dependence of HGR: 15 oC to 30 oC (a), and initial rate from 30 oC to 45 oC (b) . 65 
Figure 3.11: Arrhenius plot of temperature/HGR relationship for LT catalyst, with linear regressions and 
activation energies for high/low temperature regimes ..................................................................................... 66 
Figure 3.12: Effect of NaBH4 concentration on LT catalyst performance: cumulative H2 production (a), and 
maximum specific HGR (b) .............................................................................................................................. 67 
Figure 4.1: Hydrogen volume (a), and specific HGR (b) of fresh and deactivated catalysts at 25 oC and 5 wt% 
NaBH4 .............................................................................................................................................................. 75 
Figure 4.2: Hydrogen volume (a), and specific HGR (b) of deactivated catalysts at different temperatures .. 76 
Figure 4.3: Arrhenius plot for maximum rate of fresh and deactivated catalysts ............................................ 76 
 xii 
Figure 4.4: Performance of fresh (a), (b) and deactivated (c), (d) catalysts at different NaBH4 concentrations 
at 25 oC ............................................................................................................................................................ 77 
Figure 4.5: Extended cyclic stability testing of catalysts at different temperatures ......................................... 79 
Figure 4.6: Catalyst adhesion during cyclic stability testing ............................................................................ 80 
Figure 4.7: XPS survey scans at various stages during cycling ...................................................................... 81 
Figure 4.8: High resolution scans of Co 2p3/2 (a), and B 1s (b) regions during cycling ................................... 81 
Figure 5.1: NaBH4 solubility and corresponding GHSC (based on reactant masses only) ............................. 87 
Figure 5.2: Anhydrous NaBO2 solubility variation with temperature  ............................................................... 89 
Figure 5.3: Schematic of new reactor design .................................................................................................. 90 
Figure 5.4: Theoretical model of new reactor operation (assuming tetrahydrate crystallisation) .................... 91 
Figure 5.5: Theoretical model of new reactor operation (assuming dihydrate crystallisation) ........................ 92 
Figure 5.6: Laboratory scale reactor simulation apparatus ............................................................................. 93 
Figure 5.7: Formation of NaBO2 crystals during reactor simulation ................................................................ 93 
Figure 5.8: Specific H2 generation rate during staged NaBH4 addition test .................................................... 94 
Figure 5.9: H2 generation and GHSC results for staged NaBH4 addition test ................................................. 95 
Figure 5.10: H2 generation and GHSC results for staged NaBH4 addition with water recycling ..................... 96 
Figure 5.11: Prototype reactor ......................................................................................................................... 97 
Figure 5.12: Photographs of the reactor throughout the experiment .............................................................. 99 
Figure 5.13: H2 flowrate and HT/LT zone temperatures during the experiment ............................................ 100 
Figure 5.14: H2 generation and GHSC results for prototype reactor experiment .......................................... 101 
Figure 5.15: Photographs of the reactor throughout the water recycling experiment ................................... 103 
Figure 5.16: H2 flowrate and HT/LT zone temperatures during the water recycling experiment .................. 104 
Figure 5.17: H2 generation and GHSC results for water recycling experiment ............................................. 105 
Figure 5.18: Summary of experimental and theoretical GHSCs for the new reaction system ...................... 106 
Figure 5.19: TGA curve of hydrated NaBO2 produced in prototype reactor experiment ............................... 107 
Figure 5.20: TGA curves for NaBO2.4H2O between 30-100 oC at different heating rates ............................ 108 
Figure 5.21: Changes in system mass during operation for different NaBO2 hydration factors .................... 109 
Figure 5.22: Theoretical GHSC of the new system as a function of NaBO2 hydration factor ....................... 110 
Figure 5.23: Potential GHSC improvement with air drying of NaBO2 hydrates ............................................. 111 
Figure 6.1: Trialkyltin formate/hydride decarboxylation cycle........................................................................ 115 
Figure 6.2: Major process blocks in a hypothetical NaBH4 production process using organometallic hydrides
 ....................................................................................................................................................................... 118 
Figure 6.3: Tributyltin formate decarboxylation cycle used to produce diborane  ......................................... 118 
Figure 6.4: Hypothetical process for NaBH4 regeneration using organometallic hydrides............................ 121 
Figure 6.5. Quantitative NaBH4 yield analysis using different extraction methods and reactant ratios ........ 125 
Figure 6.6: XRD patterns of the reference materials (a), and reaction product (b) ....................................... 126 
Figure 6.7: Solid state 11B NMR spectra of reference materials (a), and the reaction product materials (b) 127 
 xiii 
Figure 6.8: XPS spectra of the reaction product and reference materials (B 1s region) (a), zoomed-in view of 
product XPS spectrum (b) ............................................................................................................................. 128 
Figure 6.9: 29Si NMR spectra of triethylsilane in diglyme and the product solution after refluxing ................ 128 
Figure 6.10: 1H NMR spectra of triethylsilane in diglyme and the product solution at 0.40-1.10 ppm (a), and 
3.10-3.50 ppm (b) .......................................................................................................................................... 129 
Figure 6.11: 1H-29Si HMBC NMR spectrum of the product solution, showing protons coupled with the 
triethylmethoxysilane silicon peak ................................................................................................................. 130 
Figure 6.12: Schlesinger process for NaBH4 production  .............................................................................. 133 
Figure A.1: Input/output diagram of Schlesinger process ............................................................................. 149 
Figure A.2: Input/output diagram of the new organosilicon-based process .................................................. 150 
 
List of Tables 
Table 1.1: DOE hydrogen storage targets ......................................................................................................... 2 
Table 2.1: Non-noble NaBH4 hydrolysis catalysts ........................................................................................... 10 
Table 2.2: Cyclic stability data for non-noble catalysts .................................................................................... 14 
Table 2.3: Noble metal NaBH4 hydrolysis catalysts ........................................................................................ 17 
Table 2.4: Review of continuous flow NaBH4 reaction systems and their storage capacities ........................ 21 
Table 2.5: Effect of NaBO2 hydration factor on GHSC  ................................................................................... 23 
Table 2.6: Review of non-catalytic NaBH4 hydrolysis systems and their storage capacities .......................... 25 
Table 2.7: Review of catalyst precursor-based NaBH4 hydrolysis systems .................................................... 27 
Table 2.8: Old and revised DOE GHSC targets .............................................................................................. 31 
Table 2.9: DOE hydrogen fuel cost targets ..................................................................................................... 32 
Table 3.1: ICP-OES analysis of elemental composition of LT and RT catalysts ............................................. 59 
Table 3.2: XPS analysis of elemental composition of LT and RT catalysts .................................................... 60 
Table 3.3: Comparison of new LT catalyst with supported non-noble catalysts reported in literature ............ 68 
Table 4.1: Surface elemental composition of fresh and deactivated catalysts ................................................ 82 
Table 4.2: Comparison of cyclic stability of new catalyst with other supported non-noble catalysts reported in 
the literature ..................................................................................................................................................... 83 
Table 5.1: Effect of water recycling on theoretical GHSC of reactor design ................................................... 95 
Table 6.1: Reactions in the organometallic hydride process and demonstrated yields ................................ 120 
Table 6.2: Comparison of Schlesinger and organosilane processes ............................................................ 135 
Table A.1: Mass balance table for the Schlesinger process ......................................................................... 146 
Table A.2: Mass balance table for the organosilane process ....................................................................... 147 
Table A.3: Enthalpies of formation of compounds relevant to the current process ....................................... 148 
Table A.4: Energy balance table for Schlesinger process............................................................................. 148 
Table A.5: Energy balance table for the organosilane process ..................................................................... 149 
Table A.6: Input/output economic potential analysis for the Schlesinger process ........................................ 150 
Table A.7: Input/output economic potential analysis for the organosilane-based process ........................... 151 
 xiv 
 List of Abbreviations 
Abbreviation Full name 
AC Activated carbon 
BET Brunauer-Emmett-Teller 
CCS Colloidal carbon spheres 
CNT Carbon nanotubes 
CTI Control Technologies International 
DOE Department of Energy (United States) 
EDX Energy dispersive X-ray spectroscopy 
FCV Fuel cell vehicle 
GHSC Gravimetric hydrogen storage capacity 
gge Gallon of gasoline equivalent 
HAP Hydroxyapatite 
HGR Hydrogen generation rate 
HMBC Heteronuclear multiple bond correlation 
HTRZ High temperature reaction zone 
ICP-OES Inductively coupled plasma-optical 
emission spectroscopy 
LT Low temperature 
LTCZ Low temperature crystallisation zone 
MWCNT Multi-walled carbon nanotubes 
NMR Nuclear magnetic resonance 
NPs Nanoparticles 
PCM Polycarbonate membrane 
PEM Polymer electrolyte membrane 
PLD Pulsed laser deposition 
PMHS Polymethylhydrosiloxane 
PPX Poly(p-xylylene) 
PS Polystyrene 
RT Room temperature 
SEM Scanning electron microscopy 
STP Standard temperature and pressure 
TEM Transmission electron microscopy 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
ZIF Zeolite imidazolate framework 
 1 
Chapter 1: Introduction 
 
1.1 Background 
The development of renewable energy systems is a critical issue from both an 
environmental and economic standpoint, with ever-growing concerns over oil scarcity and 
greenhouse gas emissions. This has stimulated much interest into transitioning to a 
hydrogen-based economy, in which energy is stored in the form of elemental hydrogen 
and utilised through fuel cells. While hydrogen cannot be considered as an energy source, 
as it rarely exists in its elemental state in nature, it has high potential as an energy carrier, 
with an energy density of 142 MJ/kg (around three times higher than that of petroleum, 47 
MJ/kg). This, coupled with the higher efficiency of fuel cells (50-60%) compared with 
combustion engines (<25%), makes hydrogen an ideal candidate to replace petroleum in 
vehicular applications [1]. As it can be produced from a range of renewable and non-
renewable sources, hydrogen has the potential to form the basis of a clean and virtually 
limitless energy system [2]. 
 
Figure 1.1: Volume of 4 kg of hydrogen stored in various ways [1] 
However, in order for this to occur, the issue of hydrogen storage must be adequately 
addressed. The volume required to store a full tank of gaseous hydrogen (4 kg) in 
compressed cylinders at 200 bar is about 225 litres, which is too large for practical 
transport applications. Storage at higher pressures (up to 450 bar) is possible; however, 
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the need for reinforced high-pressure cylinders would increase the mass of the system to 
the point where hydrogen would occupy only 4% of its total weight. Moreover, 
compressing and storing highly flammable gas at such pressures is inefficient and poses 
an unacceptable safety hazard for widespread use [1]. It is clear that, for hydrogen-
powered vehicles to become viable, an alternative method of hydrogen storage must be 
found. 
In response to this challenge, the US Department of Energy (DOE) has set technical 
targets for new hydrogen storage technologies to meet [3]. The most oft-quoted of these 
are the gravimetric and volumetric storage density targets, which are used to gauge the 
feasibility of new hydrogen storage technologies. The most recent figures, revised in 2009, 
are shown in Table 1.1. 
Table 1.1: DOE hydrogen storage targets 
Target 
 
Gravimetric Density 
(kg H2/kg system) 
Volumetric Density 
(kg H2/L system) 
2010 0.045 0.028 
2015 0.055 0.040 
Ultimate 0.075 0.070 
Sodium borohydride (NaBH4) has attracted significant attention as a potential 
hydrogen storage material over the past decade. Like many metal hydrides, it undergoes 
hydrolysis in the presence of water, releasing hydrogen and forming a by-product (sodium 
metaborate, NaBO2) in the process. However, it was first noted by Schlesinger et al. 
(1953) that it is possible to form a highly stable aqueous solution of NaBH4 by dissolving it 
in basic solution. The hydrolysis reaction can then be initiated on demand by bringing the 
solution into contact with a heterogeneous catalyst, making the release of hydrogen very 
easy to control [4]. This reaction is shown in Equation (1.1) below. 
(1.1) 2224 4HNaBOO2HNaBH   
According to the reaction stoichiometry, 1 g of NaBH4, fully hydrolysed, will produce 
2.37 L of hydrogen at standard temperature and pressure (STP). On a reactants-only 
basis, this gives a gravimetric hydrogen storage capacity (GHSC) of 10.8 wt%, which more 
than satisfies the DOE storage density targets. The hydrolysis is exothermic, with a heat of 
reaction of -210 kJ/mol NaBH4 [5]. 
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Storing hydrogen in the form of aqueous NaBH4 solutions has many advantages. In 
contrast to many metal hydride-based storage systems, the release of hydrogen can be 
carried out at ambient conditions, making it ideal for portable applications. This system is 
also much safer and more controllable than the hydrolysis of solid hydrides, because the 
solution acts as a thermal buffer, absorbing the exothermic heat of reaction and preventing 
thermal runaway. The release rate of hydrogen is easily regulated by controlling the 
amount of solution in contact with the catalyst (or vice versa), allowing the system to meet 
the dynamic power demands of a fuel cell vehicle. A paper published in 2000 by 
Millennium Cell, Inc. was the first to demonstrate a portable hydrogen storage system 
based on aqueous NaBH4 solutions, stimulating further research in this field [6]. 
However, at the same time, doubts have been raised about the ability of such systems 
to meet the DOE targets. The GHSC of real storage systems will invariably be lower than 
the theoretical 10.8wt%, due to the excess water required to dissolve the NaBH4 and its 
by-product, NaBO2, as well as the added mass of the reaction and storage vessels. These 
shortcomings were identified in the DOE's 2007 review paper on NaBH4 as a hydrogen 
storage material [7]. At the time of its publication, no practical storage system had been 
demonstrated which could meet the target of 4.5 wt% H2 (which was the 2007 target at the 
time), and solubility limitations appeared to prevent any further targets from being reached 
in the future.  
Moreover, the DOE review highlighted that the issue of NaBH4 cost had not yet been 
adequately resolved. Current commercial processes for manufacturing NaBH4 are highly 
cost-intensive due to their heavy demand for sodium hydride (NaH), of which four moles 
are required for every mole of NaBH4 produced. The price of NaBH4 was reported in 2006 
as being $55/kg, which translates to a hydrogen price of $260/kg [8]. This equates to over 
$1000 for a full tank of hydrogen fuel (4 kg), which is clearly too high for practical 
applications. While the DOE review noted that improvements had been made through 
novel processes to regenerate NaBH4 from NaBO2, the costs were still well in excess of its 
target range of $2-4/gge (gallon of gasoline equivalent, roughly equal to 1 kg H2). 
Based on these observations, the DOE issued a "No-Go" recommendation which, in 
their opinion, disqualified NaBH4 as a potential candidate for on-board hydrogen storage 
[7]. 
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1.2 Objectives 
The goal of the present research is to develop a commercially viable system for the 
utilisation and regeneration of NaBH4 for on-board hydrogen storage. To this end, the 
critical issues identified by the DOE review (namely, the storage system GHSC and the 
cost of regenerating NaBH4 from its byproduct NaBO2) must be addressed. Also of 
importance is the catalyst for NaBH4 hydrolysis, which should ideally be stable, 
inexpensive, and reusable over several reaction cycles. A hydrogen storage system which 
satisfies all of these criteria will greatly expedite the widespread commercialisation of 
hydrogen as a transportation fuel.  
This research is part of a collaborative effort with industry partners Control 
Technologies International, Pty. Ltd. (CTI), which aims to make use of their recently 
developed parabolic solar concentrator dish. The dish is cheaper to manufacture than 
traditional solar concentrators of similar size, and can be used to heat a target vessel to 
temperatures in excess of 1000oC. This will provide a means of incorporating low-cost 
solar thermal energy into the NaBH4 regeneration process, making it more environmentally 
friendly.  
In summary, the key objectives of this project are: 
 To synthesise a supported catalyst which possesses high NaBH4 hydrolysis activity, 
high cyclic stability, and can be manufactured from inexpensive precursor materials 
 To design a novel NaBH4 hydrolysis reactor design which can overcome the GHSC 
limitations encountered by previous systems, satisfying the DOE 2010 target of 4.5 
wt% H2 at a minimum 
 To develop a new synthetic route to regenerate NaBH4 from NaBO2, which can 
lower the cost of NaBH4 to economically feasible levels (ideally within the DOE’s 
target range of US$2-4/gge), and which incorporates CTI’s solar dish as a thermal 
energy source 
1.3 Structure of Thesis 
The structure of this thesis is described below, broken down into the subjects covered in 
each individual chapter. Chapters which are based on published journal papers are noted 
accordingly. 
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 Chapter 2 is a literature review, covering the developments in NaBH4 hydrolysis 
catalysts, reaction systems, and recycling reactions prior to publication of this thesis 
(based on Muir and Yao, 2011 [9]) 
 Chapter 3 describes a new electroless plating method for preparing NaBH4 
hydrolysis catalysts, highlighting its advantages over conventional synthesis 
methods 
 Chapter 4 is an investigation into the cyclic stability of catalysts produced by the 
method described in Chapter 3 
 Chapter 5 covers the development and testing of a novel NaBH4 reaction system, 
specifically designed to overcome the GHSC limitations identified by the DOE 
review 
 Chapter 6 presents a new method for regenerating NaBH4 from its by-product 
NaBO2, utilising low-cost organic input materials, and compares it to the currently 
used process 
 Chapter 7 summarises the key findings and accomplishments of this research, and 
makes recommendations for its further development 
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Chapter 2: Literature Review 
 
2.1 Catalyst Research 
The work of Schlesinger et al. in 1953 is widely recognised as the cornerstone of research 
into NaBH4 as a hydrogen storage material [1]. It was reported that, when mixed with 
water, the initially rapid rate of hydrogen evolution soon decreased markedly, with only a 
small percentage of the theoretical yield being produced. This was found to be due to the 
accumulation of the basic metaborate anion, BO2- (a component of the by-product NaBO2), 
which increases the pH of the solution over time, inhibiting the hydrolysis reaction. Hence, 
it was found that the initial self-hydrolysis of NaBH4 could be prevented by dissolving it in 
slightly basic solution. 
Schlesinger et al. also identified two methods of releasing the hydrogen from the 
stabilised solution: lowering the solution pH by addition of a strong acid, or adding a 
“catalytic accelerator” – a heterogeneous catalyst which could initiate the reaction without 
a drop in pH [1]. The latter method would allow hydrogen to be produced on demand, but 
keep the solution stable for long-term storage. Hence, there has been significant interest in 
developing highly active NaBH4 hydrolysis catalysts as part of a practical, portable 
hydrogen storage system.  
Although Schlesinger et al. found that platinum-based catalysts were able to promote 
NaBH4 hydrolysis, the focus of their paper was non-noble transition metal chlorides as 
lower-cost alternatives. Since then, research into both types of catalysts has continued, 
with an explosion of new papers following the Millennium Cell publication in 2000 [2]. This 
section will give a broad overview of the research into both noble and non-noble metal 
catalysts over the past 10 years. 
2.1.1 Non-Noble Metal Catalysts 
Of the transition metal chlorides investigated by Schlesinger et al., cobalt (II) chloride was 
found to be most effective. Nickel (II) chloride was the next most active catalyst identified, 
with iron (II), copper (II) and manganese (II) chlorides all showing minimal activity [1]. 
When added to the NaBH4 solution, cobalt (II) chloride formed a black precipitate, which 
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was determined to be the active catalyst. The material could be washed and re-used after 
reaction, retaining most of its catalytic activity. Compositional analysis revealed that the 
precipitate consisted of cobalt and boron, in a ratio of approximately 2:1; hence, it was 
initially referred to as Co2B [1,3]. 
Subsequent  works, including that of Levy et al. (1960) confirmed the heterogeneous 
catalytic nature of the Co2B product, also demonstrating its dependence on initial NaBH4 
concentration and strong variation in activity with temperature [3]. Holbrook and Twist 
(1971) were the first to postulate a working mechanism to account for the reaction kinetics 
observed, based on their experiments in deuterated water [4]. The mechanism is shown in 
the series of equations below, in which M represents an active metal site, and eM 
represents an electron which is transferred from the BH4- to the metallic surface (where it 
subsequently reduces a proton taken from adsorbed water). 
(2.1)  4BH2M  ⇌ HMBHM 3    
(2.2)  3BHM  ⇌ M3 eMBH   
(2.3)   ODBHODBH 33  
(2.4)  ODDMODeM 2M  
(2.5) DMHM   ⇌ HD2M  
While this mechanism is still widely accepted, further elaborations have been made in 
recent years, most notably by Guella et al. (2006), who used 11B NMR analysis to 
determine the intermediates present in the hydrolysis of NaBH4 catalysed by Pd [5]. The 
results, shown in Figure 2.1, were generally consistent with those of Holbrook and Twist, 
suggesting a similar catalytic mechanism for both noble and non-noble metal catalysts. 
The rate-determining step was found to be the breaking of the O-H bond in water as the 
proton is reduced (represented as 4+5 in Figure 2.1, and also shown in Equation (2.4) 
above). This produces a partially hydrolysed BH3(OH)- intermediate, which then 
hydrolyses to completion at a much faster rate, giving B(OH)4- as the end product (which is 
essentially a hydrated form of the metaborate ion, BO2-). 
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Figure 2.1: Catalytic reaction mechanism of aqueous NaBH4 [5] 
There has been some dispute with regards to the exact nature of the catalytically 
active phase [6,7]. Initially, it was thought to be a cobalt boride of composition Co2B, or 
possibly a 1:1 mixture of CoB and metallic Co [1,3]. However, more recent studies have 
suggested that the active phase is actually an amorphous alloy (Co-B), since the 
crystalline Co(0) and Co2B phases were not observed in XRD patterns of the as-prepared 
catalyst material, only appearing after calcination at high temperatures [7-11]. The 
formation of these crystalline phases has been found to coincide with a decrease in 
catalytic activity in many cases [7,8,11]. On the other hand, other studies have continued 
to refer to the catalyst as CoxB (where x = 1, 2, or 3, or a mixture thereof), believing it to be 
an amorphous form of the boride [12-15]. For the present work, the catalyst will hereafter 
be referred to as Co-B. 
In the absence of boron, metallic cobalt shows minimal activity for NaBH4 hydrolysis 
[7,16]. It is thought that boron enhances the activity of cobalt-based catalysts by acting as 
an electron donor to the active Co sites. This is supported by XPS analysis of Co-B, which 
shows a positive shift in the binding energy of boron relative to its elemental form 
[7,17,18]. This effect is believed to improve the transfer of electrons from the metal sites to 
the adsorbed water molecules, which was shown by Guella et al. to be the rate-limiting 
step [5].  
Table 2.1 summarises the results of the literature available on non-noble metal 
catalysts for NaBH4 hydrolysis. The vast majority of the materials investigated are based 
on cobalt, usually alloyed with boron (for reasons described above). It should be noted that 
the experimental conditions (temperature, initial NaBH4 concentration, NaOH stabiliser 
concentration) vary between each result, meaning that they cannot be compared exactly.  
  
Table 2.1: Non-noble NaBH4 hydrolysis catalysts 
Year Catalyst Form/Preparation 
Method 
HGR (mL 
H2/min/g) 
NaBH4 Conc. 
(wt%) 
NaOH Conc. 
(wt%) 
Temperature 
(oC) 
Ref. 
2001 Fluorinated Mg2Ni Powder 575 Not stated 10 25 [19] 
2003 NixB Powder 151 1.5 10 20 [20] 
2004 Filamentary Ni-Co Doctor blading 96 10 0.4 25 [21] 
2005 Co-B Powder 2970 2 5 15 [14] 
2007 Co-P/Cu Electroplating 954 10 1 30 [22] 
 Co-B/Ni foam Dip-coated 7200 25 3 20 [11] 
 Co-Mn-B/Ni foam Electroplating 1200 5 5 20 [23] 
 Co-B Powder 2400 20 5 20 [10] 
 Ni-Co-B Powder 2608 2.7 15 28 [24] 
2008 Co-B/Ni foam Electroless plating 11000 20 10 30 [8] 
 Co-B/Glass Thin film prepared by PLD 5016 0.1 4 25 [9] 
 Co/PPX-Cl Metallised films 4250 2.5 10 25 [25] 
 Co-B Mesoporous powder 4620 2.5 10 Not stated [26] 
 Co-B/Pd Dry dip coated 2875 20 4 30 [27] 
 Co-W-B/Ni foam Electroless plating 15000 20 5 30 [28] 
 Co-B (from LiCoO2) Powder 2400 0.5 Not stated 40 [29] 
 Ni-B-Si Powder 1916 0.6 Not stated 25 [30] 
 Ni(0) nanoclusters Stabilised on PVP 4250 0.6 0 25 [31] 
 Ni-Ag-Si Powder 2600 0.6 Not stated 30 [32] 
 Co2B (from Co3O4) Powder prepared in situ 8500 20 5 25 [12] 
 Co-B/MWCNTs Powder 5100 20 3 30 [33] 
 Co/AC Powder 3600 5 1 30 [34] 
 Co-B NPs Powder 26000 15 5 30 [35] 
2009 Co-B/Ni foam Electroless plating 1640 5 5 25 [36] 
 Co-P-B Powder 2120 1 1 25 [17] 
 Co-Ni-P/Cu Electroplating 2479 10 10 30 [37] 
  
Year Catalyst Form/Preparation 
Method 
HGR (mL 
H2/min/g) 
NaBH4 Conc. 
(wt%) 
NaOH Conc. 
(wt%) 
Temperature 
(oC) 
Ref. 
2009 Co-Ni-P-B Powder 2400 1 1 25 [38] 
 Co(0) nanoclusters Intrazeolite 6076 0.6 10 25 [39] 
2010 Fe-Co-B/Ni foam Electroless plating 22000 15 5 30 [40] 
 Co-B/Clay Wetness impregnation 3350 5 10 25 [41] 
 Co-Ni-B Powder 1175 1 1 25 [42] 
 Co-Fe-B Powder 1300 1 1 25 [42] 
 Co-Cu-B Powder 2210 1 1 25 [42] 
 Co-Cr-B Powder 3400 1 1 25 [42] 
 Co-Mo-B Powder 2875 1 1 25 [42] 
 Co-W-B Powder 2570 1 1 25 [42] 
 Co-P Electroless plating 1846 5 1 30 [43] 
 Co-P/Ni foam Electroless plating 3584 10 1 30 [44] 
 Co-P-B/Glass Thin film prepared by PLD 4230 0.1 0.4 25 [45] 
 Co/α-Al2O3/Cu Electrophoretic deposition 2700 3 1 40 [46] 
2011 Co-Ni-P/Pd-TiO2 Electroless plating 460 1 10 25 [47] 
 Co NPs/B/Glass Thin film prepared by PLD 18100 0.1 Not stated 25 [48] 
 Co/PCM Electroplating 2640 3.4 2 80 [49] 
 Co/SiO2 Wetness impregnation 2513 5 5 40 [50] 
 Ni-Co-B Powder 708 5 10 20 [51] 
2012 Co/ZIF-9 Solvothermal method 2345 0.5 5 30 [52] 
 Co-B/TiO2 Wetness impregnation 12503 1 4 30 [53] 
 Co/HAP Ion exchange adsorption 5000 0.6 10 25 [54] 
 Co/Fe NPs Powder 2500 5 Not stated 25 [55] 
 Co-W-P/Cu Electroplating 5000 10 10 30 [56] 
 Co-Mo-Pd-B Powder 6023 0.6 5 25 [57] 
 Co/CCS Wetness impregnation 10400 1 10 20 [58] 
 Co-P/Ni foam Electroless plating 930 15 5 25 [59] 
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However, there are some promising results which stand out from the rest, in terms of their 
specific hydrogen generation rate (HGR). 
Very high activity was reported by Liu et al. (2008), who used a colloidal Co(OH)2 
intermediate to synthesise Co-B nanoparticles 10 nm in diameter [35]. Their large surface 
area is most likely responsible for their extremely high activity (26000 mL H2/min/g at 15 
wt% NaBH4 and 30 oC), which is superior to that of many noble metal catalysts. More 
recently, nanosized Co-B catalysts have been prepared by wetness-impregnation 
methods, using support materials such as TiO2 [53] or carbon spheres [58]. These 
catalysts show HGRs of a similar order of magnitude (10000-12000 mL/min/g) even at a 
much lower NaBH4 concentration (~1 wt%), further indicating that improving the surface 
area of these catalysts is key to increasing their activity.  
However, as these catalysts are either in powdered form or on powdered substrates, 
they would be impractical to use in a real hydrogen storage system, because of the 
difficulty of stopping the reaction when the vehicle is switched off. A catalyst supported on 
a shaped substrate, which can be easily formed into a catalyst bed or removed from 
solution, would be a more viable option. Examples of such catalysts include the supported 
Co-W-B and Fe-Co-B alloys synthesised by Dai et al. (2008 and 2010), which show 
activities of 15000 and 22000 mL H2/min/g respectively [28,40]. They were deposited onto 
a Ni foam support using an electroless plating method, which involves mixing a metal ion 
precursor with a reducing agent in solution, causing the ions to “plate” onto a substrate as 
they are reduced to their metallic form. Electrodeposition [56], dip-coating [27], and pulsed 
laser deposition [45] have also been used to prepare supported catalysts. Besides Ni 
foam, other shaped substrates which have been used include copper sheets [56], glass 
[45,48], and polymer films/membranes [25,49]. 
Another trend which can be seen from the table is that introducing other elements into 
Co-B catalysts can result in a higher activity. This is primarily evident in the results of 
Fernandes et al., who initially observed higher activity when alloying with nickel [42], 
phosphorus [17], or a combination thereof [38]. In a more recent paper, this group 
systematically studied the effects of six different metal additives (Ni, Fe, Cu, Cr, Mo and 
W) in various ratios on the Co-B catalyst. As can be seen in Table 2.1, all of them show an 
increase over the base activity of Co-B (reported at 850 mL/min/g) [42]. One or more of 
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three different factors were believed to be responsible for the activity improvement 
provided by these metals: 
1. An increase in electron density of the metallic Co active sites (Ni, Fe) 
2. An increase in the active surface area of the catalysts due to the additive metals 
inhibiting Co agglomeration (Fe, Cu, Cr, Mo, W) 
3. The additive metal acting as a Lewis acid site, promoting the chemisorption of OH- 
ions, which subsequently react with the chemisorbed BH3 to form BH3(OH)- (Cr, Mo, 
W) 
Overall, Co-Cr-B was shown to have the greatest activity, due to a combination of 
factors 2 and 3. These three factors also account for the improved activity of the Co-W-B 
and Fe-Co-B catalysts prepared by Dai et al. relative to their original Co-B catalyst [28,40]. 
Hence, there is significant scope for improving the activity of these catalysts by doping with 
various additive materials. 
Despite the large amount of investigation into cobalt-based catalysts, only a few 
researchers have conducted tests to determine their long-term cyclic stability. This is a 
critical issue for practical hydrogen storage applications, and must therefore be considered 
in addition to the base activity values shown in Table 2.1. Of the papers that have included 
cyclic stability tests, the results have been quite variable. Kim et al. (2004) performed an 
in-depth study of a filamentary Ni catalyst over 200 catalytic cycles, after which it retained 
76% of its initial activity. However, in comparison, many of the more recent studies 
reported a much faster decrease in activity over a smaller number of cycles. Komova et al. 
(2008) reported that Co-B catalysts prepared from LiCoO2 exhibited a gradual loss in 
activity over 14 cycles, eventually declining to less than half of its original activity [29]. An 
even more severe decline was observed by Kim et al. (2009), whose Co-Ni-P catalyst 
retained only 25% of its initial activity after 15 cycles [37]. The intrazeolite Co nanoclusters 
prepared by Rakap et al. (2009) retained 59% of their initial activity after 5 cycles, while a 
long-term reaction test revealed that the catalyst deactivates completely after 100 hours of 
continuous operation [39]. More positive results were obtained by Li et al. (2012), who 
prepared a Co catalyst dispersed in zeolite imidazolate frameworks (ZIF), which showed 
less than 5% activity loss after 5 cycles. The available cyclic stability data for non-noble 
catalysts are summarised in Table 2.2. 
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Table 2.2: Cyclic stability data for non-noble catalysts 
Year Catalyst Max. HGR 
(mL/min/g) 
No. of 
Cycles 
% of Initial HGR 
Retained 
Ref.
2004 Filamentary Ni-Co 96 200 76 [21]
2008 Co-B/Pd 2875 7 80 [27]
 Co-W-B/Ni 15000 6 90 [28]
 Co-B (from LiCoO2) 2400 14 40 [29]
2009 Co-Ni-P 2479 15 25 [37]
 Co nanoclusters 6076 5 59 [39]
2010 Fe-Co-B/Ni 22000 6 54 [40]
 Co-B/Clay 3350 9 69 [41]
 Co-P 3584 6 70 [44]
2011 Co-Ni-P/Pd-TiO2 460 5 86 [47]
2012 Co/ZIF-9 2345 5 96 [52]
 Co/HAP 5000 5 81 [54]
 Co-W-P/Cu 5000 5 51 [56]
 Co-B 3480 16 60 [60]
There has been very little study into the physical and chemical processes which 
contribute to this activity loss. The findings of Kim et al. (2004) have been the most 
comprehensive, using SEM, BET, XPS and XRD analyses to characterise their catalyst 
before and after the 200 reaction cycles. The key differences noted were the gradual 
formation of a film, believed to consist of hydrated borax (Na2B4O7.10H2O) and boron 
oxide (B2O3), on the catalyst surface; and a 36.6% reduction in the BET surface area of 
the catalyst due to particle agglomeration [21]. A combination of these factors was likely 
responsible for the decrease in activity.  
It was also found that rinsing with distilled water after each cycle caused the rate of 
decay to slow; this allowed 93% of the initial activity to be retained after 80 cycles, instead 
of 88% without rinsing. SEM analysis revealed that this improvement was due to the 
inhibition of the surface film formation. Similarly, Akdim et al. (2011) found that the 
formation of a borate coating on their catalyst after several cycles caused a gradual 
decline in activity. The initial activity could be recovered by washing the catalyst with a 
slightly acidic solution between tests [61]. 
There have also been suggestions that the strongly alkaline nature of the stabilised 
NaBH4 solution could contribute to the deactivation of the catalyst. During the cyclic testing 
of their Fe-Co-B catalyst, Liang et al. (2010) observed the formation of a brown precipitate, 
identified as Fe(OH)3, resulting from the catalyst's long-term exposure to alkaline solution 
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[40]. This would explain the much faster deterioration of the Fe-Co-B catalyst compared to 
the same group's Co-W-B catalyst, given the relative stability of Fe and W under basic 
conditions. 
In their study of NaBH4 hydrolysis using differential reaction calorimetry, Garron et al. 
(2009) hypothesised that the state of Co-based catalysts changes during the reaction. At 
the start of the hydrolysis, when there is an excess of BH4- in solution, oxidised cobalt 
species such as Co(OH)2 are reduced the active catalytic phase (Co-B or Co2B). This 
catalyses the hydrolysis of NaBH4 up until near the end of the reaction, when the solution 
has become more alkaline due to the accumulation of NaBO2. At this point, the catalyst 
surface is reoxidised to form Co(OH)2 [13].  
This hypothesis is supported by the results of Ozerova et al. (2012), who synthesised 
a cobalt borate (Co(BO2)2) catalyst from CoCl2 and NaBO2. After a short induction period, 
during which it was reduced by NaBH4 to the catalytically active phase in situ, the material 
showed high hydrolysis activity [62]. Hence, in theory, the Co-B catalysts should be able to 
be reused many times, as the reductive effect of the BH4- at the start of the reaction would 
reverse the oxidation that occurs towards the end of the reaction. However, if the re-
reduction process does not occur completely, this may partly explain the gradual decline in 
activity observed in many of the studies mentioned previously. 
2.1.2 Noble Metal Catalysts 
Schlesinger et al. (1953) noted that platinum could be used to catalyse the hydrolysis of 
aqueous NaBH4, although this was not the focus of their paper. Brown and Brown (1962) 
were the first to specifically investigate noble metal catalysts, prepared by reduction of 
noble metal chlorides in aqueous NaBH4 solution in the same way as the Co-B catalyst 
synthesised by Schlesinger et al. Ruthenium, rhodium and platinum catalysts (prepared 
from RuCl3, RhCl3 and H2PtCl4 respectively) were found to exhibit significantly higher 
activity than an equivalent amount of Co-B catalyst [63]. 
Table 2.3 summarises the research into noble metal catalysts for NaBH4 hydrolysis 
since 2000, starting with the catalyst used by Millennium Cell in their demonstration 
system [64]. The vast majority of catalysts reported comprise a noble metal loaded on a 
support material, with the hydrogen production rate being reported per gram of total 
catalyst (including the substrate). However, since the loading of noble metal varies 
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significantly among the results presented in the table, an additional column showing the 
rate per gram of noble metal has been included, to make comparison between the 
catalysts easier. This is important to consider for practical applications due to the high cost 
of noble metals. 
In their pioneering work, Amendola et al. (2000) used ruthenium (Ru) loaded on ion 
exchange resin IRA-400 as the hydrolysis catalyst [64]. Ruthenium has also been 
investigated by many researchers in subsequent publications, using different support 
materials (including activated carbon [65], titania [66], and LiCoO2 [67]) and co-loading 
with other catalyst metals (such as Ni [68] and Pt [69]). Many of these works have resulted 
in improved catalytic performance of Ru.  
However, it has been found that a higher concentration of NaOH stabiliser in solution 
causes the activity of Ru-based catalysts to decrease [70]. This is illustrated in that the 
Ru(0) nanoclusters synthesised by Zahmakiran et al. [71-73] showed reasonable 
hydrolysis activity in neutral water; however, their activity decreased dramatically in 
alkaline solution [72].  It also caused the catalyst to deactivate faster by an order of 
magnitude [73]. Given that the storage solution must be slightly alkaline in order to keep 
NaBH4 from self-hydrolysing (and that it becomes more alkaline as the reaction proceeds 
due to accumulation of NaBO2) Ru-based catalysts may not be the most ideal choice for 
this particular application. 
The Pt catalyst loaded on LiCoO2 (first reported by Kojima et al. in 2002) is one of the 
most efficient catalysts ever synthesised for NaBH4 hydrolysis [74]. An amount of catalyst 
containing 1 gram of loaded Pt can produce over 200 litres of hydrogen in one minute. Pt 
also shows promising activity when loaded onto other support materials, such as carbon 
[75,76]. More recently, Liu et al. (2008) improved on the Pt/LiCoO2 catalyst synthesised by 
Kojima et al., demonstrating an HGR of roughly 300000 mL H2/min/gPt [67]. 
The most active catalyst reported in Table 2.3 (per unit mass of noble metal) is Rh 
loaded on TiO2, as prepared by Simagina et al. (2007), with an activity of 360000 mL 
H2/min/gRh [77]. However, this high activity may be partly due to the reaction temperature 
(40 oC), which is 10-15 oC higher than most other catalysts reported in the table. In their 
most recent work, the reported activity was only 21000mL H2/min/gRh when tested at 23 oC 
[78]. Moreover, Rh has generally been even more expensive than Pt in recent years, with
  
Table 2.3: Noble metal NaBH4 hydrolysis catalysts 
Year Catalyst HGR (mL 
H2/min/gcat) 
HGR (mL 
H2/min/gmetal) 
NaBH4 Conc. 
(wt%) 
NaOH Conc. 
(wt%) 
Temperature 
(oC) 
Ref. 
2000  Ru/IRA-400 189 3772 20 10 25 [64] 
2002 Pt/LiCoO2 3100 206500 20 10 22 [74] 
2004 Pt/C 23090 115450 10 5 Not stated [79] 
2005 Pt-Ru/LiCoO2 2400 24000 5 5 25 [69] 
 Ru nanoclusters 96800 96800 0.75 0 25 [71] 
2006 Pt/C 23000 175570 10 5 25 [75] 
 Ru nanoclusters  4 4 0.57 10 25 [72] 
2007 Pt/LiCoO2 1250 83600 10 10 20 [80] 
 Pt/AC 170 8500 5 5 30 [76] 
 Ru/C 770 12900 1 3.75 25 [81] 
 Rh/TiO2 1820 360000 0.5 0 40 [77] 
 Pt-Pd/CNT 126 9000 0.1 0.4 29 [82] 
2008 Ru-Pt/TiO2 150 15200 2 4 20 [66] 
 Ru-Fe-Co/AC 5030 41730 10 4 25 [65] 
 Pt/LiCoO2 3000 300000 10 5 25 [67] 
 Ru/LiCoO2 2700 270000 10 5 25 [67] 
 Ru/IR-120 132 13200 5 1 25 [83] 
2009 Ru nanoclusters/zeolite 130 16130 1.1 5 25 [73] 
 Ru/PS 216 5400 1 1 Not stated [84] 
2010 Ru/C (graphite) 969 32300 10 5 30 [85] 
 Rh/TiO2 210 21000 15 5 23 [78] 
2011 Ni-Ru 1810 67000 10 7 25 [86] 
 Ru/C 500 25000 5 2 25 [87] 
2012 Ru/Al2O3 68 1364 12.5 0.4 25 [88] 
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its price nearly reaching US$10000/oz (US$320/g) in 2008 [89]. Hence, it may be 
unfeasible to use Rh-based catalysts for widespread applications, especially given that 
alternative materials exist with activities of a similar order of magnitude. 
Compared to non-noble metal catalysts, there is even less cyclic stability data 
available for noble metal catalysts. Xu et al. (2007) reported no decrease in activity of their 
Pt/AC catalyst over 5 cycles [76]. The polymer-supported Ru catalyst of Chen et al. (2009) 
showed only a 6% decrease in initial reaction rate after 3 cycles [84]. Similarly, the 
graphite-supported Ru catalyst synthesised by Liang et al. (2010) showed less than a 5% 
decrease in activity after 5 cycles [85]. In contrast, Zahmakiran et al. (2009) synthesised 
intrazeolite Ru nanoclusters which declined to 61% of their initial activity after 5 runs, and 
exhibited a total turnover number of 27200 over 30 hours before deactivation [73]. Huang 
et al. (2012) noted a 45% decrease in the activity of their Ru/Al2O3 catalyst, which was 
believed to be due to the accumulation of by-product NaBO2 on the surface [88]. 
Most promisingly, the Ni-Ru catalyst used by Ferreira et al. (2010) in their study of 
alkali-free NaBH4 hydrolysis was still active after being reused approximately 150 times. 
However, its performance relative to its initial activity was not stated [90]. The same group 
later reported that the activity reduced to 25% of its initial rate after 300 cycles, which was 
believed to be due to the disintegration of Ru from the catalyst after extended usage [86]. 
While few other cyclic stability data are available, there have been a number of studies 
of the long-term on-line stability of noble metal catalysts. Gervasio et al. (2005) 
demonstrated that their alumina-supported Ru catalyst could be operated for over 400 
hours with little or no loss in activity [91]. Similarly, Zhang et al. (2006) used a system 
based on the catalyst developed by Millennium Cell, finding that there was no decrease in 
reactor output over 700 hours (however, a decrease in fuel conversion was noted for 
higher reactor throughputs after extended operation) [92]. These results, coupled with the 
cyclic stability tests discussed above, suggest that the stability of noble metal catalysts is 
generally superior to that of non-noble metal catalysts. 
2.1.3 Evaluation 
It is clear from the tables presented here that noble metal catalysts have the edge in terms 
of activity, with many researchers reporting hydrogen production rates (per gram of metal) 
Chapter 2 Literature Review 
19 
of 1-2 orders of magnitude higher than non-noble catalysts. However, the price 
discrepancy between noble and non-noble metals must also be considered. 
For example, Kojima et al. (2002) estimate that, to provide enough hydrogen to meet 
the power demands of a 77.5 kW FCV, between 230 and 780 grams of their catalyst 
(including both the metal and the support) would be needed [74]. With a platinum loading 
of 1.5 wt%, and a price of $1500 per troy ounce (the approximate price at the time of 
writing [89]) this equates to between $170 and $560 worth of platinum required for a single 
vehicle. Given the prices of noble metals in general, the cost for other catalysts in Table 
2.3 would be expected to be of a similar order of magnitude. 
However, if the same analysis is applied to a cobalt-based catalyst from Table 2.1 (for 
calculation purposes, an activity of 3000 mL/min/g will be used as a conservative 
estimation), it is found that approximately 280 grams of catalyst is required to meet the 
same demand. The price of cobalt has historically varied between $20 and $80 per kg [93]; 
assuming a price of $50/kg, this gives a cost of around $14 worth of cobalt per vehicle, an 
order of magnitude less than the equivalent amount of noble metals. This demonstrates 
that non-noble metal catalysts are by far the more economically preferable option for 
hydrogen storage systems, despite their lower specific activity. 
The other key issue which must be considered is the long-term stability of both sets of 
catalysts. From the data available, it appears that noble metal catalysts have superior 
cyclic stability to that of non-noble catalysts. However, as discussed in previous sections, 
there has been quite limited investigation into the physical and chemical processes which 
contribute to this activity loss, and how it can be prevented. This is a critical research gap 
which should warrant further attention, with a view to harnessing the aforementioned cost 
advantages of using non-noble catalysts. 
2.2 Storage System Design 
2.2.1 Catalytic Hydrolysis of NaBH4 Solutions 
The system reported by Amendola et al. (2000) is widely regarded as the seminal research 
in this field. Since its initial publication, many other researchers have attempted to develop 
similar systems based on NaBH4 solutions, due to their inherent safety and operability 
advantages. The most common reaction system design reported in the literature is a 
general structure shown in Figure 2.2: a fuel tank containing fresh NaBH4 solution, which 
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is pumped through a catalyst bed where the hydrolysis reaction occurs, followed by a gas-
liquid separator to remove the hydrogen, and finally a by-product storage tank for the 
leftover NaBO2 solution.  
 
Figure 2.2: General continuous flow reaction system design [94] 
Table 2.4 summarises the results of research into these reaction system designs, 
including the maximum achievable hydrogen storage densities (on a reactants-only basis), 
operating conditions, and any problems encountered. The results are quite varied, 
reflecting the extent to which factors such as vessel design and configuration, catalyst 
packing, and by-product separation apparatus affect the reactor performance. The best 
results were obtained by Gervasio et al. (2005), who attained virtually 100% conversion of 
30 wt% NaBH4 solution (note: a yield of 100% was not explicitly stated, but back-
calculated from their volumetric H2 flow results), which equates to 6.3 wt% H2 storage 
capacity on a reactants-only basis [91]. These exceptional results may have been due to 
the excess amounts of Ru catalyst used in the reactor. 
Other researchers encountered problems when attempting to use a high NaBH4 
concentration, in the form of decreased yields and/or unwanted precipitation of NaBO2. 
Zhang et al. (2007) found that even when operating at high temperatures (>100 oC), 
NaBO2 precipitation was found to be an issue when cooling and separating the by-product, 
during which it caused blockage of the flow channels [98]. Xia et al. (2005) found that the 
force of crystallisation caused the catalyst support material to disintegrate when NaBH4 
concentrations of 20 wt% or greater were used [95]. 
  
Table 2.4: Review of continuous flow NaBH4 reaction systems and their storage capacities 
Year NaBH4 
Conc. 
(wt%) 
GHSC 
(wt%) 
NaOH 
Conc. 
(wt%) 
Catalyst 
Material 
Operating 
Temp.  
(oC) 
H2 Yield 
(%) 
Issues Encountered/Notes Ref. 
2004 25 5.3 4 Pt/LiCoO2 110 100 None stated [94] 
2005 20 4.2 10 Ru/IRA-400 25 98.9 Resin support beads disintegrated 
due to force of NaBO2 crystallisation 
[95] 
 30 6.3 4 Ru/Al2O3 Not Stated 100 None stated - excess catalyst was 
used 
[91] 
 25 5.0 1 Ru Not Stated 95 Clogging at NaBH4 concentrations 
higher than 25 wt% 
[96] 
2006 20 4.0 3 BMR06 Not Stated 95 Yield decreased to 80% after 700 
hrs operation 
[92] 
2007 20 3.2 1 Co-B/Ni foam 105 76 Yield decreased to 62% at 25 wt% 
NaBH4, 44% at 30 wt% NaBH4 
[97] 
 15 3.2 3 Ru/C 100 100 Above 15 wt% NaBH4, NaBO2 
crystallisation resulted in blockage 
of flow channels 
[98] 
 20 4.2 3 BMR06 155 99 Heat exchange increased maximum 
achievable reactor throughput 
[99] 
2008 8 1.0 Not Stated Ru 47 60 Pressure of 3.5 bar was used, 
reaction was manually stopped at 
60% yield 
[100] 
 15 3.3 4 PtRu/C 46 100 H2 yield dropped rapidly as solution 
flowrate increased beyond 2 cc/hr 
[101] 
2009 20 3.8 10 Ru 22 90 Solid/liquid separation block was 
used to separate NaBO2 
[102] 
2010 8 1.4 10 Co powder 22-38 84.2 Conversion dropped from 84.2% to 
69.2% when flowrate was doubled 
[103] 
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It is clear that precipitation of NaBO2 is the primary bottleneck to achieving high H2 
storage capacity with NaBH4 solutions. Shang et al. (2006) used a theoretical analysis of 
NaBO2 solubility under various conditions to produce the graph shown in Figure 2.3, which 
illustrates the maximum usable NaBH4 concentration at different temperatures to keep 
NaBO2 from precipitating [104]. This was found to be in good agreement with experimental 
results, as shown by the triangular markers. As a correlation, the NaBH4 concentration (in 
wt%) divided by 4.7 gives the equivalent H2 storage capacity. Hence, even when operating 
at a temperature of 100 oC, only about 25 wt% NaBH4 (5.3 wt% H2) can be achieved 
without NaBO2 precipitation. 
 
Figure 2.3: Maximum usable NaBH4 concentration at various temperatures [104] 
The issue of NaBO2 precipitation is further exacerbated by the fact it crystallises in a 
hydrated form under most conditions. Therefore, the reaction given in Equation (1.1) can 
be represented more accurately as shown in Equation (2.6), where x is the degree of 
hydration: 
(2.6) 22224 4HO.xHNaBOOx)H(2NaBH   
The two main hydrated forms of NaBO2 are the tetrahydrate (x = 4) and the dihydrate 
(x = 2). The tetrahydrate will crystallise from a saturated NaBO2 solution below 54 oC; 
above this temperature, the dihydrate will form [105]. The transition in air is more gradual; 
the former begins to dehydrate above 40 oC, eventually converting to the latter, which is 
stable up to 105 oC [106]. The stability of the dihydrate poses problems, as the additional 
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water consumed by NaBO2 hydration increases the mass of the system. This reduces the 
theoretical maximum GHSC which the system can achieve, as illustrated in Table 2.5. If 
NaBO2.2H2O is the main product of the hydrolysis reaction, the GHSC of the system 
cannot be higher than 7.3 wt%. 
Table 2.5: Effect of NaBO2 hydration factor on GHSC [107] 
NaBO2 Hydration 
Factor (x) 
Theoretical Maximum 
GHSC (wt%) 
0 10.8
2 7.3
4 5.5
When considering the GHSC values reported in Table 2.4, it should be noted that 
these are calculated on a reactants-only basis - they do not consider the mass of the 
vessels, pumps, and other equipment which would be required in a real system. This must 
be considered when comparing the storage capacities to the DOE targets. For example, in 
the system reported by Kojima et al. (2004), the 25 wt% NaBH4 solution on a reactants-
only basis would produce 5.3 wt% H2, but when factoring in the mass of the entire system, 
this reduces to 2.0 wt% H2. Much of this is due to the fuel and by-product storage tanks, 
which contribute 60kg (each) to the total 260 kg required to store 5.2 kg H2 (only 100 kg of 
which is NaBH4 solution) [94]. This indicates the difficulty associated with the continuous-
flow reactor design in meeting the DOE storage targets on a weight-of-system basis. 
There have been some attempts to address this issue. Gervasio et al. (2005), whose 
system was specifically designed for small-scale applications, proposed a single tank for 
storing feed and by-product solutions, using a movable bladder to separate the two, shown 
in Figure 2.4 [91]. However, there are still a number of other vessels required (namely, the 
reactor and gas-liquid separator) which will contribute to the mass of the system, reducing 
H2 storage capacity. Adjusting the system design to make it more compact and lightweight 
remains a significant challenge. 
It should also be noted that, in some cases, higher GHSCs than those reported in 
Table 2.4 have been achieved with batch reactors. In such systems, the solution does not 
flow, which eliminates the issue of clogging due to NaBO2 precipitation. Although the 
NaBO2 still can block the catalyst surface and prevent further reaction, operating at high 
temperatures may stave off the precipitation for long enough to achieve a high yield, while 
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Figure 2.4: Continuous flow system with single reactants/products tank [91] 
also reducing the NaBO2 hydration factor (x). For example, Hua et al. (2003) showed that 
it was possible to achieve a GHSC of 6.7 wt% by using a 35 wt% (near saturated) solution 
of NaBH4 at 45 oC [20]. Kojima et al. (2004) used a system in which water was injected 
into a pressurised chamber containing solid NaBH4 and catalyst. Even with only 2 moles of 
water per mole of NaBH4, the yield was over 80% due to the sharp autothermal 
temperature rise, which accelerated the reaction. The GHSC for this system was 9.0 wt%, 
one of the highest reported values for a NaBH4-based system to date [108]. Pinto et al. 
(2011) obtained a GHSC of 6.1 wt% using a similar setup in which alkali-free water was 
injected into a reactor containing solid NaBH4 and Ni-Ru catalyst [86]. These results 
demonstrate the potential for new designs based on alternative reactor configurations. 
2.2.2 Non-Catalytic Systems 
While the continuous-flow model has been the most investigated system for practical 
hydrogen generation, other designs have been proposed. Aiello et al. (1999) investigated 
the hydrolysis of solid NaBH4 using high-temperature steam. They found that close to 
100% yield could be achieved using 400% excess steam at 110 oC without the aid of a 
catalyst, as seen in Figure 2.5 [109]. However, the large excess of water required would 
result in a lower GHSC.  
Nevertheless, there has been some recent interest in designing a hydrogen storage 
system based on NaBH4 without the need for a catalyst, as summarised in Table 2.6. The 
high-temperature steam concept was further investigated in 2007; although the yield was 
lower, it was found that the reaction rate could be increased by adding methanol or acetic 
acid as a promoter [110]. 
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Figure 2.5: NaBH4 hydrolysis system using steam [109] 
More recently, Beaird et al. (2010) reported that deliquescence (the formation of a 
liquid solution on the surface of the solid NaBH4) was necessary for steam hydrolysis to 
proceed. They established a phase diagram indicating the conditions under which 
deliquescence occurs (shown in Figure 2.6), which provides scope for improved steam 
hydrolysis systems with higher yields and GHSCs [116]. Operating the system at elevated 
temperature (150 oC) and pressure (2 atm) was shown to reduce the excess steam 
required, increasing the GHSC to 7.7 wt% [115]. However, the temperatures required for 
steam hydrolysis will invariably be above the DOE’s upper limit of 85 oC for vehicular 
hydrogen storage [117]. 
Table 2.6: Review of non-catalytic NaBH4 hydrolysis systems and their storage capacities 
Year Reactants Conversion 
(%) 
GHSC 
(wt%) 
Ref. 
1999 Steam (110 oC) 99 1.9 [109]
2006 37% HCl 92 4.0 [111]
2007 Steam (110 oC) + 1 mol% acetic acid 93 0.9 [110]
2009 3 M HCl 97 10.0 [112]
 0.32 M acetic acid 100 0.1 [113]
2010 10 wt% NaHCO3 90 3.5 [114]
2011 Steam (150 oC) 82 7.7 [115]
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Figure 2.6: NaBH4 deliquescence phase diagram [116] 
A different approach was used by Prosini et al. (2006), who demonstrated a small-
scale hydrogen storage system for cellular phones in which solid NaBH4 was mixed with 
concentrated HCl solution (37%) to drive the reaction to completion. A hydrogen storage 
capacity of 4.0 wt% (reactants-only) was achieved using this method [111]. The use of 
acidic solution has become more widely investigated since the DOE "No-Go" 
recommendation, as an alternative to catalytic hydrolysis of NaBH4 solutions.  
Murugesan et al. (2009) measured the amount of hydrogen produced from NaBH4 with 
a variety of acidic solutions, of which HCl (3 M) was found to be the most effective with 
97% yield. These results are even more remarkable in that water was added in a 
stoichiometric ratio, resulting in a very high GHSC of approximately 10 wt% [112]. Akdim 
et al. (2009) found that acetic acid could be as effective as HCl in terms of reaction rate 
and yield, if the ratio of acid to NaBH4 was doubled. They asserted that acetic acid is a 
preferable alternative to HCl as it is safer, more environmentally friendly and can be 
produced from renewable feedstocks. However, the GHSC obtained was much lower, due 
to a high excess of water used [113]. 
A major disadvantage for all of these systems is that the acid is consumed during the 
reaction, and would need to be supplied with each tank of NaBH4. This would increase the 
cost of the fuel, hindering the viability of these systems for commercial hydrogen storage. 
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2.2.3 Catalyst Precursor Systems 
The DOE "No-Go" recommendation in 2007 sparked a renewed interest in utilising solid 
NaBH4 as a hydrogen storage material, as opposed to catalytic hydrolysis of aqueous 
solutions. Some researchers have attempted to use acidified water to drive the reaction to 
completion, as described in Section 2.2.2. An alternative approach, which has become 
increasingly common in the last few years, is to add to the solid NaBH4 a small amount of 
catalyst precursor, which is reduced in situ to form the catalyst proper as the water is 
added, as shown in Equation (2.7). The advantage of such a system, as with the acid/solid 
NaBH4 described previously, is that NaBH4 and its by-product do not have to be kept in 
solution, reducing the amount of water required and increasing the overall GHSC. 
(2.7) 3322242 BO3HH2
254NaClBCoO9H4NaBH2CoCl   
The results (summarised in Table 2.7) demonstrate the increased storage capacity 
which is possible with these systems. Liu et al. (2009) added CoCl2 solution in varying 
ratios to solid NaBH4, achieving a maximum GHSC of 6.7 wt% [118]. This is equivalent to 
an aqueous NaBH4 concentration of over 30 wt%, which would be extremely difficult to 
achieve using a continuous-flow system due to the issue of NaBO2 precipitation and 
clogging. A similar GHSC was achieved by Gislon et al. (2009), who prepared a solid 
mixture of nickel acetate in NaBH4, and then gradually added water to initiate the catalyst 
formation and NaBH4 hydrolysis [119].  
Table 2.7: Review of catalyst precursor-based NaBH4 hydrolysis systems 
Year Reactants Conversion 
(%) 
GHSC 
(wt%) 
Ref. 
2009 CoCl2 solution, solid NaBH4 81 6.7 [118]
 Solid NaBH4 + Ni(CH3COO)2 mixture, H2O 99 6.5 [119]
 Solid AlCl3, NaBH4 solution 100 2.9 [120]
 Solid NaBH4 + CoCl2 mixture, H2O 78 2.3 [121]
2010 Solid NaBH4 + Co2+/IR-120 mixture, H2O 91 6.7 [122]
 Solid NaBH4 + Ru3+/IR-120 mixture, H2O 100 7.3 [123]
 Solid NaBH4 + Ni(CH3COO)2 mixture, H2O  92 4.6 [124]
Thorough mixing of the solid NaBH4 and catalyst precursor has been shown to 
improve the kinetics of these systems. For example, Akdim et al. demonstrated that using 
a solvent (THF) to mix the NaBH4 powder with the catalyst precursor (in their case, CoCl2) 
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can increase the reaction rate and decrease the activation time for the catalyst reduction 
[121]. Similarly, Liu et al. (2010) showed that high-energy ball milling of NaBH4 with the 
catalyst precursor materials (either Co2+ or Ru3+ ions chelated on IR-120 resin beads) can 
lead to high activity and hydrogen yield. Maximum GHSC values of 6.7 wt% and 7.3 wt% 
were obtained using Co2+ and Ru3+ respectively [122,123].  
These results indicate that the GHSC can be increased using this design concept, in 
some cases surpassing 6 wt%. If aqueous solutions were used, this would require a 
NaBH4 concentration of around 30 wt% or greater, which demonstrates that using solid 
NaBH4 can circumvent the solubility limitations identified by the DOE in their "No-Go" 
recommendation.  However, there are other issues associated with this design that require 
consideration.  
One obvious drawback with this system design is that the catalyst precursor is 
reduced to the catalyst proper during the NaBH4 hydrolysis. This means that fresh 
precursor would need to be provided with every tank of fuel, increasing the ongoing costs 
of the system. It is not clear whether the used catalyst will be recoverable from the spent 
fuel, and if so, whether it can be recycled in any way to regenerate the catalyst precursor. 
Moreover, the hydrolysis reaction is much more difficult to control than in the systems 
described previously, due to the need to produce the catalyst in situ. This is illustrated in 
Figure 2.7, which shows the large lag time between changing the inlet water flow and the 
resultant hydrogen production in Gislon et al.’s system [119]. This raises questions over 
the suitability of these systems for vehicular applications, where the hydrogen demand of 
the fuel cell will vary over a wide range, and require a quick response time. 
2.2.4 Evaluation 
The past 10 years have yielded significant developments in NaBH4 as a hydrogen storage 
material. Numerous researchers have demonstrated systems capable of practical, on-
board hydrogen generation from NaBH4 solutions, as described in Table 2.4. These 
systems fulfil the criteria of being relatively safe, controllable, and operable at mild 
conditions. However, the major shortfall of these systems is undoubtedly the hydrogen 
storage capacity, which was identified by the DOE "No-Go" recommendation in 2007. 
Based on an evaluation of the hydrogen storage systems reported up to that point, the 
DOE concluded that: 
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Figure 2.7: Dynamic response profile of a catalyst precursor-based NaBH4 hydrolysis system [119] 
 Unrealistically high NaBH4 concentrations (30wt%) were required to meet the 2007 
GHSC target of 4.5 wt% H2  
 At a more realistic concentration of 24 wt%, the 2007 target could not be met, if the 
mass of the reaction vessel and other equipment was factored in 
 The issue of NaBO2 precipitation at high NaBH4 concentrations had not been 
adequately addressed by any of the works reported, meaning that any further 
increase in GHSC was unlikely 
As the DOE could see no promising path to overcoming these issues, a "No-Go" 
recommendation was issued [125]. In response to this publication, a number of 
researchers have continued to focus on NaBH4, but with the different approach of utilising 
its solid form rather than in aqueous solution. This has yielded the acid-driven and catalyst 
precursor-driven systems described in Sections 2.2.2 and 2.2.3 respectively, the vast 
majority of which have been developed since the "No-Go" recommendation.  
These systems have shown improved hydrogen storage capacity compared to the 
traditional systems based on catalytic hydrolysis of pre-prepared NaBH4 solutions. GHSCs 
of greater than 6 wt% have been reported, which is equivalent to a NaBH4 concentration of 
over 30 wt% (well beyond the point at which NaBO2 precipitation starts to become an 
issue for solution-based systems). The results of Murugesan et al. (2009) are especially 
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notable in that they were able to achieve 97% NaBH4 conversion with stoichiometric water 
(containing 3 M HCl), giving a reactants-only GHSC of approximately 10 wt% [112]. 
However, there are also several drawbacks associated with these systems. The acid 
or catalyst precursor is effectively consumed during the reaction, and would need to be 
supplied fresh with each tank of NaBH4. This would add to the fuel price, which is already 
an issue identified by the DOE due to the high cost of producing/regenerating NaBH4. The 
hydrolysis reaction becomes more difficult to control with these systems, due to the large 
lag time between changing the water flow and the resultant change in hydrogen 
production. Safety is also an issue with these designs, because if too much water were to 
enter the reactor where NaBH4 is stored, the results could be quite dangerous, as the 
exothermic nature of the hydrolysis reaction could cause the temperature to rise 
uncontrollably [64]. 
Thus, it is clear that the alternative processes utilising solid NaBH4 have both 
advantages and disadvantages compared to solution-based systems. In light of these 
factors, two points should be considered. Firstly, the GHSC is only one of the targets 
specified by the DOE; albeit the most oft-quoted. A host of other targets, relating to the 
operability and responsiveness of the system, have also been specified. While solid 
NaBH4 systems may show improved ability to meet the gravimetric and volumetric 
hydrogen storage targets, they sacrifice the safety and controllability of NaBH4 solutions, 
making it more difficult to meet other goals such as the start time to full flow target (5 
seconds) and transient response target (0.75 seconds for 10% to 90% and 90% to 0% 
flow) [117]. 
Secondly, the DOE storage density targets have been revised down as of 2009, two 
years after the "No-Go" recommendation was first published. The GHSC targets before 
and after revision are shown in Table 2.8. The 2007 target of 4.5 wt% has been pushed 
back to 2010, while the 2015 target has been revised down to 5.5 wt% from 9.0 wt%. This 
is followed by an "ultimate" target of 7.5 wt%, for which a particular deadline is not 
specified. Although the conclusions reached in the "No-Go" recommendation are 
essentially still valid, this shows that the DOE targets should not be taken as absolute 
goals, but more as rough guidelines for determining the gross feasibility of storage system 
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concepts. Moreover, the possibility of reaching the new targets with a NaBH4-based 
system using a novel design to overcome the solubility limitations should not be ruled out. 
Table 2.8: Old and revised DOE GHSC targets 
Year Targets as of 2007 (wt%) Targets as of 2009 (wt%) 
2007 4.5 N/A 
2010 6.0 4.5 
2015 9.0 5.5 
Ultimate 9.0 7.5 
Overall, it appears that no system developed as of yet is able to fulfil all of the DOE's 
criteria. Improvements in storage density offered by alternative designs are offset by 
reductions in the controllability and operability of the system. To address the latter point, it 
would be ideal if the hydrolysis reaction could be carried out catalytically in the liquid 
phase. However, as has been discussed previously, the use of solutions containing ≥30 
wt% NaBH4 is clearly unfeasible. A system in which the solution could be prepared 
gradually on-board, and precipitated NaBO2 continuously removed to prevent catalyst 
blockage, would be a preferable alternative. Designing such a system in reality would be 
very difficult, but as a concept, it is a useful paradigm in which to view the challenge of 
addressing the issues encountered by previous designs. 
2.3 NaBO2 Recycling Systems 
2.3.1 Current Processes for NaBH4 Production 
One major barrier to the use of NaBH4 as a hydrogen storage material is its high price. It 
was reported by Wee et al. in 2006 that, using the then price of US$55/kg NaBH4, the 
price of hydrogen generated would be $260/kg [126]. This would equate to a cost of over 
$1000 per tank of hydrogen fuel, which is clearly far too high for practical applications. The 
most widely used industrial method of synthesising NaBH4 is the Schlesinger process, 
shown in Equation (2.8), which was first developed in the 1950s [127].  The other process 
which has been used at an industrial scale is the Bayer process, shown in Equation (2.9) 
[128].  
(2.8) 3433 3NaOCHNaBH)B(OCH4NaH   
(2.9) 32422742 SiO7NaNaBH8H16Na7SiOOBNa  4  
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Both processes ultimately use borax (Na2B4O7), a naturally occurring mineral, as the 
boron source. In the Schlesinger process (shown schematically in Figure 2.8), borax is 
treated with sulphuric acid to form boric acid (H3BO3), which is then reacted with methanol 
to give the trimethyl borate (B(OCH3)3) used in Equation (2.8). In the Bayer process, borax 
is used directly, by reaction with silica and metallic sodium under hydrogen pressure. 
 
Figure 2.8: Schlesinger process for NaBH4 production [128] 
The primary reason for the high cost of NaBH4 is the requirement for large amounts of 
metallic sodium (four moles are required to produce one mole of NaBH4). This must be 
produced by electrolysis of molten NaCl, which consumes vast amounts of electricity. The 
DOE has set targets (shown in Table 2.9 below) for the cost of the fuel per gallon of 
gasoline equivalent at the pump (1 gge is approximately equal to 1 kg H2) which must be 
considered in addition to the gravimetric and volumetric storage density targets [117]. It 
has therefore been proposed that, in order to meet these targets, a recycling process to 
regenerate NaBH4 from its by-product NaBO2 be developed [126]. 
Table 2.9: DOE hydrogen fuel cost targets 
Year Fuel Cost Target (US$/gge at pump) 
2010 3-7 
2017 2-4 
Ultimate 2-4 
Some researchers have attempted to adapt or modify the Na/NaH-based processes to 
use NaBO2 as the boron input material. Park et al. (2007) used an electrochemical method 
to convert NaBO2 to borax, which could then be further processed to NaBH4 via the 
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Schlesinger or Bayer processes [129]. Zhang et al. (2009) found that NaBO2 could be 
recycled to NaBH4 in a solid state reaction using NaH as the hydride source, by pressing 
the reactants into a pellet and calcining at 480 oC (SiO2 was also needed to absorb the 
product Na2O, as shown in Equation (2.10) below) [130]. However, these approaches are 
unlikely to prove cost-effective, as they still ultimately rely on the production of large 
amounts of metallic sodium through energy-intensive electrolysis.  
(2.10) 32422 SiO2NaNaBH2SiONaBO4NaH   
2.3.2 Regeneration with Metals/Metal Hydrides 
In order to decrease the cost of NaBH4 to within the DOE’s target range, a new recycling 
process must be developed which utilises cheaper input materials. The first of such 
processes were demonstrated by Li et al. [131] and Kojima et al. [132] in 2003. Li et al. 
used room temperature ball milling of dehydrated borax and magnesium hydride (MgH2) to 
produce NaBH4. The yield was found to increase from 43% to 78% with the addition of 
Na2CO3 to compensate for the Na deficiency of borax [131]. 
(2.11) 24322742 CO8MgO4NaBHCONa8MgHOBNa   
Kojima et al. also used MgH2 as the hydride source, but used NaBO2 instead of borax, 
and the reaction was carried out at high temperature and pressure instead of with ball 
milling. A yield of nearly 100% was obtained for this reaction at 550 oC and 7 MPa after 2 
hours. They also showed that it was possible to use Mg as an electron donor (in the form 
of a magnesium silicide alloy, Mg2Si) under hydrogen pressure. Similarly, a near-
quantitative conversion was obtained after 2 hours at 550 oC and 7 MPa [132]. Suda et al. 
(2005) estimated that using a Mg-based process to synthesise NaBH4 could reduce its 
production cost by a factor of 20 [133]. 
(2.12) 2MgONaBH2MgHNaBO 422   
(2.13) 2MgONaBH2H 2MgNaBO 422   
More recent works have improved upon these processes. Several studies have 
demonstrated the MgH2 ball milling process with NaBO2 as the boron source, which is 
more useful for NaBH4 regeneration in this context [134-136]. The latter reaction has been 
demonstrated using pure Mg instead of Mg2Si [133], and the yield and kinetics were 
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shown to be improved by using Mg alloyed with 23.5 wt% Ni (which was thought to be due 
to enhanced MgH2 formation) [137].  
In both of these processes, the Mg (in elemental form or as MgH2) acts as a sacrificial 
metal, that is oxidised to MgO as a by-product of NaBH4 regeneration. Kojima et al. 
speculated that it would be possible to recover the Mg by reducing MgO, using Si as a 
reducing agent (Equation (2.14)). The Si, in turn, could then be recovered from SiO2 by 
carbothermal reduction with coke at high temperatures, as shown in Equation (2.15) [132]. 
It may also be possible to reduce MgO to Mg directly using carbothermal reduction as 
shown in Equation (2.16); however, this process is not well-established industrially 
[138,139].  
(2.14) 2SiO2MgSi2MgO   
(2.15) 2COSi2CSiO2   
(2.16) COMgCMgO   
In addition, the CO produced from the carbothermal reduction process can be used to 
produce hydrogen via the water gas shift reaction, shown in Equation (2.17). This would 
provide the hydrogen needed for the synthesis of NaBH4 shown above. 
(2.17) 222 HCOOHCO   
If all metallic intermediates are recycled, then the only material inputs into the system 
would be carbon and water. This is shown schematically in Figure 2.9; NaBH4 is 
hydrolysed to produce hydrogen in fuel cell vehicles, after which its by-product NaBO2 is 
recycled using MgH2 (or Mg under hydrogen pressure) at a centralised processing facility. 
The MgO is recycled to Mg either directly or indirectly (via silicon) using carbothermal 
reduction. Overall, this process would effectively act as both a hydrogen storage and 
production system, with carbon as the only key input. 
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Figure 2.9: Schematic of NaBH4 utilisation and regeneration processes 
Further investigation by Liu et al. (2007) revealed that Al could be used in place of Mg 
as the metallic electron donor under hydrogen pressure [140]. Since Al is cheaper than 
Mg, and can donate more electrons per atom, this would be a preferable alternative. 
However, it was found that the reaction would not proceed appreciably if pure NaBO2 was 
used as the starting material. This was thought to be because the formation of Al2O3, 
which is more oxygen-rich than MgO, created a barrier which inhibited the diffusion of 
oxygen from NaBO2 to the metallic Al. It was found that using a mixture of NaBO2 and 
Na2O (prepared by dehydration of a NaBO2/NaOH aqueous solution) would alleviate this 
problem, as the Na2O reacted with the newly-formed Al2O3 to form the less oxygen-rich 
NaAlO2, allowing the diffusion of oxygen to continue. The overall reaction is shown in 
Equation (2.18), with a maximum recorded NaBH4 yield of 65.8%. 
(2.18) 24222 NaAlO3
4NaBHONa
3
2NaBO2HAl
3
4   
Another paper by the same group reported that Si and Ti, which can both donate 4 
electrons per atom, could also be used for NaBH4 production [141]. Similarly, the NaBO2 
had to be prepared as a mixture of NaBO2 and Na2O, which would then react as shown in 
Equations (2.19) and (2.20) below (note that Na3BO3 represents a 1:1 mixture of NaBO2 
and Na2O). It was also found that K2O could be used as a substitute for Na2O, which 
would lower the borohydride formation temperature; however, this resulted in KBH4 rather 
than NaBH4 formation. 
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(2.19) 324332 SiONaNaBHBONa2HSi   
(2.20) 324332 TiONaNaBHBONa2HTi   
Interestingly, the group also found that while the addition of alkali oxide was beneficial 
when Al, Si or Ti were used as the electron donors, it decreased the yield when Mg was 
used [142]. This is important to consider for potential recycling processes, because the 
spent fuel will contain some NaOH stabiliser in addition to NaBO2, which will likely form a 
NaBO2-Na2O mixture upon dehydration. It should also be noted that the by-product of 
these processes is a mixed oxide containing sodium, rather than a pure oxide of the 
sacrificial metal. This would make it more difficult to regenerate the metal from its oxide in 
a closed-loop system. 
A novel alternative approach to NaBH4 regeneration was demonstrated by Kemmitt 
and Gainsford (2009). NaBO2 was first alkoxylated with methanol to form sodium 
tetramethoxyborate (NaB(OCH3)4), which was then refluxed in diglyme solvent with sodium 
aluminium hydride (NaAlH4). NaBH4 was obtained in >80% yield after reacting for as little 
as 1 hour [143]. 
(2.21) 434443 )NaAl(OCHNaBHNaAlH)NaB(OCH   
This reaction does not, in itself, represent a viable NaBH4 regeneration mechanism, as 
NaAlH4 is also very expensive to produce. However, if a cheaper hydride source could be 
used, the solution-based process would certainly offer advantages in terms of milder 
processing conditions than many of the sacrificial metal processes described previously. 
2.3.3 Regeneration with Hydrogen/Organic Inputs 
To further decrease the cost of the regeneration process, it would be ideal to replace the 
metallic electron donors with cheaper, more readily available reducing agents, such as 
methane, coke, or hydrogen. The simplest of these would be the direct reaction of NaBO2 
with hydrogen (essentially the reverse of the hydrolysis reaction); however, the free energy 
change for this reaction does not become negative at any temperature [128]. As an 
alternative, Millennium Cell Inc. attempted to design an indirect process utilising hydrogen 
in 2003, in which NaBO2 was first converted to a trialkylboate, B(OR)3 by refluxing in 
alcohol under a CO2 atmosphere. In the second step, the trialkylborate was reduced to 
diborane (B2H6) using hydrogen. Finally, the B2H6 was converted to NaBH4 by reaction 
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with sodium carbonate, a by-product of the first reaction. If all intermediates are recycled, 
the only inputs into the process are NaBO2 and hydrogen [144]. 
(2.22) O6H4B(OR)CO2Na12ROH2CO4NaBO 233222   
(2.23) 12ROHH2B12H4B(OR) 6223   
(2.24) 2243262 2CONaBO3NaBHCO2NaH2B   
However, a subsequent review paper, also written by Millennium Cell, identified the 
second reaction (hydrogenation of the trialkylborate) as being thermodynamically 
unfavourable [128]. The report discussed variations of this process using more reactive 
boron halides (such as BCl3 or BBr3) as intermediates instead of B(OR)3; however, these 
were also found to be unfeasible due to the same thermodynamic limitations.  
In a review conducted in 2008, the DOE identified a process for the direct 
carbothermal reduction of NaBO2 to NaBH4 using methane, under investigation at the 
Idaho National Laboratory (INL). This process utilises high-temperature plasma (>1000 oC) 
to provide the energy to drive the reaction shown in Equation (2.25), producing NaBH4 as 
well as syngas as a by-product [145]. 
(2.25) 2442 H2CONaBH2CHNaBO 2  
The possibility of utilising methane, an abundant natural resource, instead of sacrificial 
metals makes this process appear promising. Additionally, the by-product syngas can be 
burnt for energy or further refined into useful products, increasing the economic potential 
of the process. However, there is very little information about this process in the open 
literature, and a more recent DOE publication (2009) reported difficulties with reproducing 
these positive results [146]. This suggests that this process may not yet be developed 
enough for practical applications. 
2.3.4 Electrolytic Regeneration Processes 
The bulk of the energy input into the Schlesinger and Bayer processes is in the form of 
electrical energy, used for the electrolytic production of metallic sodium. However, there 
have also been several attempts to demonstrate the direct electrolytic conversion of borate 
to borohydride. A patent published in 1973, as well as two published in 1990, claimed to 
have produced NaBH4 by electrolytic reduction of NaBO2. Attempts to reproduce their 
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results by Mirkin (1991) [147] and Gyenge (1998) [148] were unsuccessful, suggesting that 
the results may have been erroneous. However, more recently, Santos et al. (2010) 
determined slight traces of NaBH4 by a potentiometric method during electrolysis of a 
NaBO2/NaOH aqueous solution [149], and Sanli et al. (2010) reported the formation of 
NaBH4 with a yield of 17% after 48 hours of electrolysis using a silver electrode [150]. 
The electrolytic production of NaBH4 in aqueous media seems difficult from a 
thermodynamic perspective. The cathodic potential required to reduce BO2- to BH4- is 
greater than that required to reduce water to hydrogen, suggesting that the latter reaction 
will occur preferentially [128].  
(2.26) 1.24VE8OHBHO6HBO8e 1/2422    
(2.27) 0.83VE2OHHO2H2e 1/222    
Calabretta and Davis (2007) investigated the theoretical possibility of carrying out the 
electrolysis reaction in a molten salt medium consisting of NaBO2, NaBH4, and 
intermediate compounds. While such a system would technically be possible, it would 
require temperatures in excess of 600 oC, and its energy demand was calculated at 462 
kJ/mol H2, greater than that required for liquefaction (419 kJ/mol) and compression to 68.9 
MPa (320 kJ/mol) of electrolytically-produced hydrogen [151]. This high energy demand, 
coupled with the immense difficulties encountered in demonstrating this reaction 
experimentally, suggests that other processes are likely to be more viable for cost-effective 
NaBH4 regeneration. 
2.3.5 Evaluation 
While the current industrial methods of NaBH4 production are prohibitively expensive, 
recent research has demonstrated vast potential for cost reduction. In a review in 2008, 
the DOE identified the sacrificial metal processes and carbothermal reduction with 
methane as the two most promising candidates for low-cost NaBH4 regeneration. The cost 
for the metal reduction process was estimated at $6-12/gge, while for carbothermal 
reduction it was $2-7/gge [145].  
The carbothermal route has the advantage of having fewer recyclable intermediates, 
avoiding the costly process of having to regenerate the metal from its oxide. Based on this 
analysis, it may even have the potential to meet the “ultimate” DOE target of $2-4/gge. 
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However, given that these results have not been reproduced [146], it remains a highly 
speculative option. Conversely, the metal reduction processes have been well established 
by a number of experimental studies, but the cost is higher than the target range. 
Clearly, a regeneration process which can satisfy the DOE’s fuel cost requirements will 
need to be powered by low-cost, carbon-based input materials. This does not rule out the 
possibility of using other recyclable intermediates; however, these should ideally be 
cheaper to regenerate than the sacrificial metal/oxide cycle. The development of a viable 
NaBH4 regeneration process remains a critical issue, and should be considered of equal (if 
not greater) importance to improving the GHSC of the hydrogen storage system itself. 
2.4 Conclusions 
Over a decade of research into NaBH4 as a hydrogen storage material has yielded 
significant results, despite the shortcomings identified in the DOE "No-Go" 
recommendation. There has been extensive work done on catalyst materials for the 
hydrolysis of aqueous, alkaline-stabilised NaBH4, including both noble and non-noble 
metal catalysts. While noble metal catalysts are superior in terms of specific activity, in 
recent years non-noble catalysts have been developed with activities of a similar order of 
magnitude. These represent a lower-cost alternative which would be highly preferable if 
NaBH4-based hydrogen storage systems were to become widespread. However, 
improving the cyclic stability of non-noble catalysts remains a key issue, with limited 
investigation into the causes of catalyst degradation and its prevention up to this point. 
The development of a reaction system which is capable of meeting the DOE's 
hydrogen storage targets is a much more challenging issue. While many systems have 
been proposed utilising the basic continuous flow model, none of them have been able to 
overcome the inherent solubility limitations imposed by the by-product (NaBO2) which 
prevents the NaBH4 concentration from being high enough to meet the GHSC targets. 
Several alternative designs have been proposed, many of which involve adding water to 
solid NaBH4, using an acid or catalyst precursor to drive the hydrolysis reaction to 
completion. While improvements in the GHSC have been achieved with such systems, 
they sacrifice the safety and operability advantages of NaBH4 solutions, and add to the 
fuel cost by using extra consumable reactants. It is clear that a new, novel reaction system 
design will be necessary to fulfil all of the above criteria simultaneously. 
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Finally, the issue of NaBH4 cost will need to be addressed through the development of 
a novel regeneration system. The potential for cost reduction has been demonstrated with 
processes using less expensive metals than sodium (Mg, Al, Si, and Ti) reacting under 
hydrogen pressure. However, the DOE estimates the cost of hydrogen with these 
processes would lie in the range of $6-12/gge, which is still higher than the target range of 
$2-4/gge. Further reduction in cost will likely require the use of abundant carbon-based 
reducing agents instead of sacrificial metals.  
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Chapter 3: Catalyst Preparation 
 
3.1 Introduction 
Chapter 2 identified a range of noble and non-noble metal catalysts which have been used 
for NaBH4 hydrolysis. While noble catalysts generally show higher activity per unit mass of 
metal, non-noble transition metal catalysts such as cobalt boride (Co-B) offer a better 
balance between activity and cost.  For practical applications, it is important for these 
catalysts to be supported on robust and durable shaped substrates, so that they can be 
easily removed from solution and reused multiple times. Nickel foam has been widely used 
as a support material due to its low density, high porosity and high thermal and chemical 
stability in alkaline solution [1-5]. Several deposition techniques have been employed to 
load the catalyst onto the support, including electrodeposition [2,6,7], electroless plating 
[3,5,8-11], dip-coating [1,4], and pulsed laser deposition [12,13].  
Some of the highest specific activity values for non-noble catalysts have been reported 
using a modified electroless plating method developed by Dai et al. (2008) [3]. The key 
differences of this method from conventional electroless plating are the absence of the 
stabiliser and complexing agent, as well as increased reducing agent concentration in the 
electroless plating solution. This results in an increased the rate of nucleation and 
deposition, giving a higher catalyst surface area. However, one drawback to this method is 
that when the metal precursor solution and reducing agent solution are mixed, a large 
amount of precipitate forms in the solution, with only a portion actually being loaded onto 
the substrate. This necessitates multiple coating steps to achieve the desired loading, and 
results in substantial wastage of the precursor materials. These problems are also 
associated with dip-coating methods [1,4]. 
This chapter presents a new method for the electroless deposition of Co-B catalysts, 
which was developed in order to improve the loading efficiency while maintaining the high 
activity that these previous works have reported. The method involves mixing and stirring 
the Co precursor solution and the NaBH4 reducing solution at low temperature (<5 oC), 
which allows controlled deposition of the catalyst onto the substrate without the formation 
of precipitate in solution.
Sodium Borohydride Production and Utilisation for Improved Hydrogen Storage 
54 
3.2 Experimental 
3.2.1 Catalyst Synthesis 
Cobalt precursor solutions were prepared using a similar composition to that employed by 
Dai et al. (2008). The cobalt (II) chloride hexahydrate (Sigma Aldrich, reagent grade) 
concentration was kept constant at 0.25 M for all experiments, while ammonium chloride 
(Univar, ≥99.5%) and 25% ammonia solution (Merck) were added in appropriate 
quantities. A reducing solution containing 0.1 M sodium hydroxide (Univar, ≥97%) and 1.0 
M sodium borohydride (Sigma Aldrich, ≥98%) was also prepared. Both solutions were 
stirred for 1 hour, cooling in an ice bath for the last 30 minutes before mixing. In a typical 
experiment, a nickel foam piece (Nilaco Corporation) 2 cm x 2 cm in size was suspended 
horizontally in 20 mL of Co precursor solution before adding an equal volume of NaBH4 
reducing solution. The solution mixture was kept in an ice bath under constant stirring until 
bubble generation had ceased (approximately 4 hours after mixing). Only one loading step 
was required. The loaded catalysts were immersed in hot distilled water to hydrolyse any 
residual NaBH4 before drying at 50 oC. 
During initial attempts to optimise the synthesis conditions, it was found that the 
catalyst activity was highly sensitive to the amount of NH3 solution added. However, it was 
not clear whether this was due to the resultant changes in solution pH, or the NH3 itself. 
Therefore, several catalysts were prepared with varying quantities of NH4Cl/NH3 so as to 
investigate the effects of both of these factors individually. It is known that cobalt (II) 
readily forms amine coordination complexes in the presence of excess NH3 [14]. Assuming 
a coordination number of 6 (corresponding to the hexaammine complex), the amount of 
25% NH3 solution added was varied such that the ratio of free (non-coordinated) NH3 to 
Co (hereafter referred to as [NH3]free/Co) ranged from 2.0 to 6.0, at increments of 1.0. 
Solutions with these NH3 concentrations were prepared at pH values of 9.2, 9.4 and 9.6 by 
adjusting the amount of NH4Cl added. It should be noted that the actual pH and 
[NH3]free/Co in the Co precursor solution were slightly below the target values, calculated 
such that the addition of 0.1 M NaOH in the reducing solution would bring them to the 
desired levels.  
For comparison, one catalyst sample was synthesised using the analogous room 
temperature, multi-step loading method. Equal volumes of Co precursor solution and 
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NaBH4 reducing solution were mixed with a Ni foam substrate immersed, and allowed to 
react until bubble generation had ceased. The process was repeated four times to achieve 
the desired catalyst loading. 
3.2.2 Catalyst Testing and Characterisation 
In a typical hydrogen generation experiment, a solution containing 5 wt% NaOH and 5 wt% 
NaBH4 was loaded into a sealed glass cylinder with a thermometer immersed to measure 
the temperature rise. The cylinder was connected to a Beijing Sevenstar D07-8CM 
electronic gas flow meter to monitor and record the HGR in real time. A 1 cm x 1 cm piece 
of Ni foam with loaded Co-B catalyst was dropped into the solution with a magnetic stirrer 
bar to keep the solution well-mixed. The cylinder was kept immersed in a water bath to 
keep the solution temperature at approximately 25 oC (with an exothermic temperature rise 
of no more than 2 oC). 
The catalysts were characterised by scanning electron microscopy (SEM) using a 
JEOL 7001 electron microscope, and by transmission electron microscopy (TEM) with a 
Tecnai F20. Energy dispersive X-ray spectroscopy (EDX) was used to determine the 
elements present in the catalyst materials. For quantitative analysis of the bulk elemental 
composition, inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
analysis was carried out using a Varian Vista-PRO, after digesting the catalysts in aqua 
regia using a Milestone Ethos 1 microwave digestor. Powder X-ray diffraction (XRD) 
patterns were recorded on an X-ray diffractometer equipped with graphite 
monochromatised, Cu Kα radiation (λ = 1.5418 Å).  
Surface XPS spectra were acquired using a Kratos Axis ULTRA X-ray Photoelectron 
Spectrometer incorporating a 165mm hemispherical electron energy analyser.  The 
incident radiation was Monochromatic Al Kα X-rays (1486.6 eV) at 150 W (15 kV, 10 ma).  
Photoelectron data were collected at an angle of θ = 90o. Survey (wide) scans were taken 
at an analyser pass energy of 160 eV and multiplex (narrow) high resolution scans at 20 
eV. Survey scans were carried out over 1200-0 eV binding energy range with 1.0 eV steps 
and a dwell time of 100 ms.  Narrow high-resolution scans were run with 0.05 eV steps 
and 250 ms dwell time. Binding energies were calibrated using the C 1s peak (284.8 eV) 
as a reference. Atomic concentrations were calculated using the CasaXPS version 2.3.14 
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software and a linear baseline with Kratos library Relative Sensitivity Factors (RSFs). Peak 
fitting of the high-resolution data was also carried out using the CasaXPS software.  
3.3 Results and Discussion 
3.3.1 Comparison of Catalyst Synthesis Methods 
The new one-step, low temperature (LT) synthesis route showed improved loading 
efficiency compared to the conventional multi-step, room temperature (RT) method used in 
previous studies. The LT route requires 33% less of each precursor solution to achieve the 
same catalyst loading, as less is wasted due to formation of Co-B precipitate in solution. 
Moreover, the Co-B catalysts prepared using the LT route showed significantly higher 
NaBH4 hydrolysis activity than those prepared using the RT route.  
Figure 3.1 below shows a comparison of the two catalysts, in terms of volume 
generated (a) and specific activity (b) at 25 oC and 5wt% NaBH4. It can be seen that the LT 
catalyst shows an extremely high HGR at the start of the reaction (in excess of 5000 
mL/min/g) which decreases as the reaction progresses, indicating first-order kinetics. The 
RT catalyst, meanwhile, shows a HGR of only around 1000 mL/min/g, obeying zero-order 
kinetics for most of the reaction, then transitioning to first-order when the NaBH4 
concentration becomes low (about 75% of the way through the reaction). 
 
Figure 3.1: Comparison of LT and RT catalysts: cumulative H2 production (a), and specific HGR (b) 
This observed behaviour is consistent with the Michaelis-Menten equation used to 
describe enzyme kinetics, which was adapted to model catalytic NaBH4 hydrolysis by Dai 
et al. (2008) [15]. This is given in Equation (3.1). 
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Here, [M0] is the concentration of metallic sites, k2 is the rate constant for the 
hydrolysis of adsorbed BH4-, and KM is a kinetic parameter incorporating k2 as well as the 
rate constants for adsorption (k1) and desorption (k-1). The equation predicts zero-order 
behaviour at high [NaBH4] and first-order behaviour at low [NaBH4], both of which were 
observed for the RT catalyst. Dai et al. found that the transition between zero and first 
order kinetics occurred at around 1.5 wt% NaBH4 [15], which is roughly consistent with the 
present findings. 
The LT catalyst, however, shows first-order kinetics even at NaBH4 concentrations 
higher than this value, indicating that the kinetic parameters KM and k2 differ markedly 
between the two catalysts. This suggests that the LT route produces compositional or 
morphological changes in the catalyst which dramatically increase its HGR.  
 
Figure 3.2: SEM images of LT catalyst (a),(b), and RT catalyst (c),(d) 
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Scanning electron microscopy (SEM) images of the LT and RT catalysts (shown in 
Figure 3.2) were examined to determine the reasons for the large difference in activity. 
The LT catalysts show well-defined, smooth, spherical particles, mostly 2-10 µm in 
diameter; while the RT catalysts show a much rougher and more porous surface coated 
with smaller particles.  
Further differences in morphology at the nanometre scale can be observed in the 
transmission electron microscopy (TEM) images shown in Figure 3.3. The RT catalyst 
particles are spherical and on the order of 100-200 nm, while the LT catalyst appears to be 
a mix of spherical particles and thin, nanosheet-like structures with thicknesses of 
approximately 10 nm. It is possible that the smooth particles observed in the SEM images 
were actually layered aggregates of these nanosheets. This nanostructured morphology 
likely contributes to the superior hydrolysis activity of the LT catalysts. 
 
Figure 3.3: TEM images of LT catalyst (a), and RT catalyst (b) 
XRD patterns of the catalysts in powdered form (shown in Figure 3.4) indicate that 
they are both amorphous in nature. This is consistent with a number of earlier studies 
[1,3,16,17] which found that the as-prepared Co-B catalyst was amorphous, with 
crystalline peaks (corresponding to Co and Co2B) only appearing in the XRD pattern 
following calcination and/or oxidation at higher temperatures.  
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Figure 3.4: XRD patterns of LT and RT catalysts 
The EDX spectra (shown in Figure 3.5) confirmed that the elements present in both 
the LT and RT catalysts were cobalt, boron, and oxygen, along with a small amount of 
surface carbon. ICP-OES analysis, shown in Table 3.1, was used to quantify these 
elemental components (excluding the Ni foam support). It can be seen that the Co/B ratio 
of the LT catalyst (3.67) is lower than that of the RT catalyst (4.36), indicating higher boron 
content in the former.  
There is also a significant (10-25 wt%) amount of catalyst material not accounted for 
by the weight percentages of cobalt and boron. It is likely that most of this can be 
attributed to oxygen (which cannot be detected by ICP-OES), since it is the only other 
major element observed in the EDX analysis. Based on the weight percentages 
unaccounted for, the LT catalyst appears to have roughly double the amount of oxygen as 
the RT catalyst. This is also reflected in the EDX spectra, which show a smaller oxygen 
peak for the latter than the former. These results suggest that there is more oxidised cobalt 
in the LT catalyst, while the RT catalyst contains more metallic cobalt. 
Table 3.1: ICP-OES analysis of elemental composition of LT and RT catalysts 
Element LT Composition (wt%) RT Composition (wt%) 
B 3.7 3.6 
Co 74.0 85.0 
Other 22.3 11.4 
Co/B Ratio (mol) 3.67 4.36 
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Figure 3.5: EDX spectra of LT catalyst (a), and RT catalyst (b) 
XPS analysis revealed a significant difference in the boron content on the surfaces of 
the two catalysts, as shown in Table 3.2 (which also excludes carbon). The Co/B ratio of 
the LT catalyst is approximately 1.45, while for the RT catalyst it is 2.06. Hence, the XPS 
and ICP-OES analyses are consistent in that they both show that the boron content of the 
LT catalyst is higher. The differences between these two sets of figures suggest that the 
surface is enriched with boron compared with the bulk material; this has also been 
observed by Li et al. (2002) [18]. 
Table 3.2: XPS analysis of elemental composition of LT and RT catalysts 
Elemental Peak LT Composition (at%) RT Composition (at%) 
B 1s 14.1 11.9 
O 1s 65.6 63.7 
Co 2p3/2 20.3 24.4 
Co/B Ratio 1.45 2.06 
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The XPS analysis showed that the oxidation states of the two catalysts' elemental 
components were very similar, as shown in the spectra in Figure 3.6. Both catalysts show 
a Co 2p3/2 peak at 780.9 eV, which corresponds to oxidised cobalt, suggesting that the 
surface cobalt is in the form of oxidised compounds such as Co(OH)2. Meanwhile, the 
boron present in both samples also appears to be oxidised, with only one peak observed 
at 191.6 eV - a value similar to that of BO2- [19]. Together with the higher concentration of 
boron at the surface, this suggests that some of the surface material is cobalt borate, 
Co(BO2)2. This compound is known to form from the interaction of Co2+ ions with NaBO2, 
which is formed in the plating solution by the hydrolysis of NaBH4 [20,21]. 
 
Figure 3.6: High resolution XPS spectra of LT and RT catalysts: Co 2p3/2 (a), B 1s (b) 
Neither cobalt nor boron was observed in its elemental form on the surface. This is 
somewhat surprising, given that both samples are active catalysts for NaBH4 hydrolysis, 
and the alloy Co-B (in which both atoms are in their elemental state) is thought to be the 
catalytically active phase [22,23]. One possible explanation is that the Co-B on the surface 
may have been oxidised to Co(OH)2 (or similar oxygen-containing species such as 
Co(BO2)2) in the alkaline plating solution, as shown in Equation (3.2). This process was 
described in Chapter 2, and is known to occur towards the end of NaBH4 hydrolysis in 
alkaline solution [23]. The surfaces of the catalysts may also have been oxidised during 
drying at 50 oC after synthesis. 
(3.2) 22 H2
7B(OH)Co(OH)O7HOHBCo -422
-
2   
 
Sodium Borohydride Production and Utilisation for Improved Hydrogen Storage 
62 
However, despite the apparent absence of the catalytically active phase, these 
oxidised materials are still able to function as effective catalysts for NaBH4 hydrolysis. This 
is likely due to the in situ reduction of the Co(OH)2 to Co-B by the NaBH4 solution itself, a 
process which has been widely reported in the literature [23-25], and is shown in Equation 
(3.3). Similarly, Co(BO2)2 has also been shown to be reduced to the active phase in situ 
[26]. 
(3.3) O3HH
2
1OHBCoBH2Co(OH) 2
-
2
-
42  2  
(Note that the equations above were taken from Garron et al. (2009), who referred to 
the active catalyst as a boride, Co2B. As stated previously, the exact nature of the catalyst 
- Co2B or Co-B - is still disputed.) 
The increased boron content is most likely another reason for the improved activity of 
the LT catalysts, as boron is known to enhance the catalytic properties of Co surface sites, 
as discussed in Chapter 2. A higher Co/B ratio has been shown to produce a higher HGR 
in several studies [5,19]. Moreover, the LT catalyst contains a higher amount of oxidised 
Co species (as shown by ICP-OES and EDX), which can be reduced to the catalytically 
active Co-B in situ. In contrast, for the RT catalyst, it is likely that more of the cobalt is in its 
unalloyed, metallic phase, which is known to exhibit lower hydrolysis activity [19,27]. A 
possible explanation for the increased boron content using the LT method is given in Lu et 
al. (1997), who described the formation of the catalyst (which they referred to as Co2B) via 
the following steps: 
(3.4) 34
2 BHHCoBHCo     
(3.5) 23 2
3HBBH 
  
(3.6) BCoB2Co 2  
The decomposition of borane (BH3) to produce elemental boron, via Equation (3.5), is 
in competition with the hydrolysis of borane, as shown in Equation (3.7): 
(3.7) 23 43 HBOHOHBH 332   
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Lu et al. found that at higher temperatures, the boron content of the product material 
decreased, as the rate of borane hydrolysis was faster and less elemental boron was 
formed [28]. This is consistent with the results presented here, which show that low 
temperature electroless plating produces a Co-B catalyst with higher boron content than 
the multi-step room temperature method. 
3.3.2 Optimisation of Catalyst Synthesis Parameters 
Both pH and [NH3]free were found to have a significant effect on catalyst loading, as shown 
in Figure 3.7. The general trend appears to be that higher [NH3]free results in lower catalyst 
loading, which is most likely due to the excess NH3 pushing the equilibrium more strongly 
towards the formation of amine coordination complexes, which may be less susceptible to 
reduction by BH4-. The one exception to this trend occurs at pH 9.6 and [NH3]free/Co = 2.0; 
under these conditions, the formation of a blue-green precipitate in solution (most likely 
cobalt hydroxide) appeared to predominate over Co-B deposition, resulting in a lower than 
expected catalyst loading. This was also observed by Liu and Li (2008), who found that the 
Co-B catalyst failed to precipitate in highly alkaline precursor solutions, instead forming 
Co(OH)2 [29]. The loading also appears to increase with increasing pH, which may be due 
to the lower rate of NaBH4 self-hydrolysis at higher pH [28]. 
 
Figure 3.7: Effects of pH and free NH3/Co ratio on catalyst loading 
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The effects of pH and [NH3]free on the HGR of the resulting catalyst are summarised in 
Figure 3.8. Figure 3.8(a) shows the maximum recorded HGR per gram of catalyst, while 
Figure 3.8(b) shows the maximum HGR per cm2 of Ni foam. In terms of HGR per gram, it 
appears that higher [NH3]free results in greater catalyst activity; although for [NH3]free/Co = 
6.0, this effect appears to level off at pH 9.4 and cause a sharp decline at pH 9.6. 
Meanwhile, higher pH appears to cause a slight decrease in specific HGR for most other 
[NH3]free/Co values. In Figure 3.8(b), the HGR per cm2 increases for all pH values up to 
[NH3]free/Co = 4.0, despite the catalyst loading decreasing for pH 9.2 and pH 9.4 over this 
period. At higher [NH3]free/Co values, the decrease in catalyst loading outweighs the 
increase in HGR per gram, and the HGR per cm2 begins to decrease. Accordingly, pH 9.4 
and [NH3]free/Co = 4.0 were chosen as the optimal conditions for further experiments. 
 
Figure 3.8: Effects of pH and free NH3/Co ratio on HGR per gram catalyst (a), and HGR per cm2 Ni foam (b) 
In general, catalysts with lower loading appeared to have higher HGR per gram. 
Previous studies have reported a levelling off of HGR per cm2 at high catalyst loadings, 
above which the additional loaded catalyst does not increase the rate any further [3,9,30]. 
This effect was investigated for this catalyst by using different volumes of precursor 
solution (keeping the pH and [NH3]free/Co constant at the aforementioned values), so as to 
determine the optimal catalyst loading. The results are shown in Figure 3.9. Initially, the 
HGR based on both metrics (per gram and per cm2) increases with catalyst loading; 
however, above 65 mg/cm2, the HGR per gram begins to decrease sharply, and the HGR 
per cm2 shows only marginal increases with extra loading. Hence, 65 mg/cm2 was chosen 
as the target value for optimal catalyst loading. 
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Figure 3.9: Effect of catalyst loading on specific HGR per gram and per cm2 
3.3.3 Investigation of Hydrolysis Reaction Conditions 
The effect of temperature on the HGR of the catalyst was investigated so as to determine 
its activation energy. For these experiments, a smaller piece of supported catalyst (0.5 
cm2) was used, so as to control the autothermal temperature rise more effectively. The 
results are shown in Figure 3.10, and show interesting changes in kinetic behaviour as the 
temperature is increased. At low temperatures (15-25 oC) there appears to be a gradual  
 
Figure 3.10: Temperature dependence of HGR: 15 oC to 30 oC (a), and initial rate from 30 oC to 45 oC (b) 
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transition from zero to first-order kinetics and a rapid increase in HGR, which can be seen 
in Figure 3.10(a). At 30oC and above, the improvements in HGR with temperature become 
much smaller (initial rates shown close-up in Figure 3.10(b) for clarity). 
These data were converted to the Arrhenius plot in Figure 3.11, using the maximum 
specific HGR at each temperature. The points do not fall on a straight line as would be 
expected from the Arrhenius equation; rather, there appear to be two distinct linear 
regimes: a low-temperature region in which activity increases sharply with temperature  
(up to 25 oC), and a high-temperature region in which the activity increases more slowly (at 
30 oC and above). Fitting the Arrhenius equation to the low temperature regime (15-25 oC) 
gives an activation energy (Ea) of 94.5 kJ/mol, while for the high temperature regime (30-
45 oC) it is 10.9 kJ/mol, almost a 10-fold decrease. The latter Ea is remarkably low 
compared to most other values reported in the literature [11], with the next lowest 
activation energy being that of the Fe-Co-B/Ni catalyst prepared by Liang et al. (2010) (27 
kJ/mol) [31]. 
 
Figure 3.11: Arrhenius plot of temperature/HGR relationship for LT catalyst, with linear regressions and 
activation energies for high/low temperature regimes 
This observed behaviour suggests that there may actually be chemical changes in the 
catalyst between these two regimes. One possible explanation is that an in situ activation 
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process occurs at the onset of the reaction, in which the oxidised Co species such as 
Co(OH)2 and Co(BO2)2 are reduced to the catalytically active Co-B by the excess NaBH4 
in solution, as discussed in Section 3.3.1. It may be that this activation process only occurs 
above a certain threshold temperature, around where the two lines intersect (26-27 oC), 
resulting in the distinct regimes seen in Figure 3.11. These results are similar to those of Li 
et al. (2012), who prepared a Co/ZIF catalyst which was reduced to the active Co-B phase 
in situ. The improvement in HGR from 30 oC to 40 oC was significantly greater than that 
from 40 oC to 50 oC, which is analogous to the behaviour observed in these experiments 
[32]. 
The catalyst HGR at different concentrations of NaBH4 is shown in Figure 3.12. As the 
HGR increased significantly at concentrations higher than 5 wt%, a catalyst area of 0.5 
cm2 was used in these experiments to keep the autothermal temperature rise to a 
minimum. In light of the temperature dependence described above, a temperature of 30 oC 
was used, to ensure that the catalysts were fully “activated”. In general, first-order kinetic 
behaviour was observed for concentrations up to 15 wt%, with higher concentrations 
resulting in higher HGR. However, at 20 wt% NaBH4 the HGR decreased slightly, and 
seemed to show a region of zero-order kinetics around the middle of the reaction (possibly 
due to precipitation of the byproduct NaBO2). The optimal concentration was found to be 
15 wt%, at which a maximum HGR of 24400 mL/min/g was observed.  
 
Figure 3.12: Effect of NaBH4 concentration on LT catalyst performance: cumulative H2 production (a), and 
maximum specific HGR (b) 
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3.4 Discussion 
Table 3.3 shows the HGR of this new catalyst compared to those of several other non-
noble metal catalysts supported on shaped substrates. The maximum HGR of the catalyst, 
which was in excess of 24000 mL/min/g at 15 wt% NaBH4 and 30 oC, is among the highest 
reported values in this category. Several catalysts in this table contain metallic additives 
such as Ni, W, and Fe, which have been shown to increase catalyst activity [33], but were 
not used in the present synthesis method. It is likely that their incorporation into this 
catalyst would increase its HGR even further; this will be investigated in future work. 
Table 3.3: Comparison of new LT catalyst with supported non-noble catalysts reported in literature 
Catalyst Deposition 
Method 
HGR 
(mL/min/g)
NaBH4 
Conc. 
(wt%) 
NaOH 
Conc. 
(wt%) 
Temperature 
(oC) 
Ref. 
Co-B/Ni Dip coating 7200 25 3 20 [1]
Co-Mn-B/Ni Electroplating 1200 5 5 20 [2]
Co-P/Cu Electroless plating 3300 10 1 30 [8]
Co-B/PPX-Cl Electroless plating 4250 2.5 10 25 [9]
Co-B/Ni Electroless plating 11000 20 10 30 [3]
Co-B/Pd/Ni Dry dip coating 2875 20 4 30 [4]
Co-W-B/Ni Electroless plating 15000 20 5 30 [30]
Co-B/Ni Electroless plating 1640 5 5 25 [5]
Co-Ni-P/Cu Electroplating 2479 10 10 30 [6]
Fe-Co-B/Ni Electroless plating 22000 15 5 30 [31]
Co-P/Cu Electroless plating 1846 5 1 30 [10]
Co-P-B 
/Glass 
Pulsed laser 
deposition 
4230 0.1 0.4 25 [13]
Co/α-Al2O3 
/Cu 
Electrophoretic 
deposition 
2700 3 1 40 [34]
Co-Ni-P 
/Pd-TiO2 
Electroless plating 460 1 10 25 [11]
Co-W-P/Cu Electroplating 5000 10 10 30 [7]
Co-B/Ni Electroless plating 24400 15 5 30 This 
work
Assuming that the maximum HGR at 15 wt% NaBH4 can be sustained over an 
extended period of time, the power density of this catalyst can be calculated. An HGR of 
24400 mL/min is equivalent to around 1 mol H2/min, which is capable of generating a 
current of 3.2 kA. Assuming a PEM fuel cell voltage of 0.7 V, this equates to a power 
supply of 2.2 kW for every gram of catalyst used. To power a fuel cell vehicle with a power 
demand of 100 kW would require around 45 g of catalyst, which would be supported on a 
Ni foam area of around 700 cm2, given the optimal loading identified in this work. However, 
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the gravimetric hydrogen storage capacity (GHSC) of a 15 wt% NaBH4 solution is only 3.2 
wt% H2, which is well below DOE targets [35]. This figure only considers the mass of the 
reactants, so a practical hydrogen storage system would have even lower GHSC. This 
remains a critical issue with NaBH4-based hydrogen storage systems, and requires further 
investigation to overcome the problems associated with high NaBH4 concentrations. 
3.5 Conclusions 
A new low-temperature electroless plating method for synthesising Co-B catalysts 
supported on Ni foam has been presented. This method requires only one plating step, as 
opposed to previously reported methods which require multiple coating steps to achieve 
the desired catalyst loading. It also has higher loading efficiency, which results in less 
catalyst wastage. The low-temperature synthesis produces a catalyst with nanosheet-like 
morphology and higher boron content than those prepared by the conventional multi-step 
method, both of which contribute to its superior NaBH4 hydrolysis activity.  
The temperature dependence of the catalyst’s performance suggests that an in situ 
activation process, which occurs above a certain temperature threshold, may be 
responsible for its high HGR. This is thought to involve to the reduction of oxidised cobalt 
species to the catalytically active Co-B, a process which has been observed in previous 
works. When fully activated, the catalyst shows a maximum HGR in excess of 24000 
mL/min/g at a temperature of 30oC and a NaBH4 concentration of 15 wt%, which is among 
the highest values for supported non-noble metal catalysts reported in the literature. This 
corresponds to a power density of 2.2 kW per gram of catalyst, so that 45 g of catalyst 
would be capable of powering a 100 kW fuel cell vehicle. 
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Chapter 4: Catalyst Cyclic Stability 
 
4.1 Introduction 
The new synthesis method described in Chapter 3 offers promising improvements in 
activity and efficient use of precursor materials for non-noble NaBH4 hydrolysis catalysts. 
However, as discussed in Chapter 2, one key aspect of these catalysts which has received 
relatively little attention is their cyclic stability. Mixed results have been reported for the 
cyclic stability of non-noble catalysts; some have been able to retain 80% or more of their 
initial HGR [1-3], while others have shown a loss of 50% or more [4-7]. If these catalysts 
are to be used in a practical hydrogen storage system, they should ideally be able to retain 
the majority of their initial HGR over many usages, so as to minimise costs incurred from 
the replacement and disposal of deactivated catalysts. 
Surprisingly, there has been little investigation into the processes which contribute to 
this activity loss, and how it can be inhibited. Kim et al. (2004) used a variety of analytical 
techniques (SEM, BET, XPS and XRD) to characterise the deactivated catalysts, and 
found that the formation of an oxide film (borax) was partly responsible for the decrease in 
HGR [8]. Similarly, Akdim et al. (2011) reported the presence of a borate coating on their 
Ni-supported Co catalyst following the initial hydrolysis reaction. The coating was resistant 
to washing with distilled water; however, it could be removed by washing with slightly 
acidic solution after each use. This led to improved stability over the first five cycles [9]. 
Eom et al. (2010) reported the breakup and disintegration of some of the surface particles 
after extended usage of their catalyst [10]. The oxidation of catalytically active Co-B, which 
can occur in alkaline solution towards the end of the hydrolysis reaction, may also play a 
role in reducing activity [11,12].  
The purpose of this chapter is to build on the results reported in Chapter 3 by 
investigating the stability of the Ni-supported Co-B catalysts over several reaction cycles. 
Additionally, the effect of reaction parameters such as temperature and NaBH4 
concentration on the performance of deactivated catalysts will be evaluated. Surface 
characterisation of the catalysts during cycling and after deactivation will be used to 
determine the causes of activity loss and how it can be prevented. 
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4.2 Experimental 
4.2.1 Catalyst Deactivation and Reactivation 
Co-B catalysts supported on Ni foam were prepared using both the low temperature 
electroless plating method and the conventional multi-step method, both of which are 
described in Chapter 3. After their first usage, the catalysts were left immersed in the 
leftover NaOH/NaBO2 solution for 24 hours before being rinsed and dried at 50 oC. This 
“deactivation” process was repeated after each subsequent reaction cycle, in order to 
simulate long-term exposure to alkaline solution. 
The HGR of both catalysts after deactivation was tested at various temperatures 
ranging from 25 oC to 50 oC. The concentrations of NaOH and NaBH4 were kept constant 
at 5 wt% each for these experiments. The effect of NaBH4 concentration was also tested, 
varying between 5 wt% and 15 wt% while keeping temperature constant at 25oC. 
Extended cyclic stability tests, in which the catalysts were deactivated and tested 10 
times each, were carried out at temperatures of 25 oC, 35 oC, 45 oC and 55 oC. The 
catalysts were weighed after drying and before each test, so as to monitor the effect of 
cyclic usage on the adhesion of the catalyst to the substrate. 
4.2.2 Characterisation of Activated/Deactivated Catalysts 
The catalysts prepared by the low temperature electroless plating method were 
characterised by X-ray photoelectron spectroscopy (XPS) at three stages of the usage 
cycle: freshly prepared, midway through NaBH4 hydrolysis, and after deactivation. To 
examine the state of the catalyst during the hydrolysis reaction, a freshly prepared catalyst 
was immersed in solution containing 5 wt% NaBH4 and 5 wt% NaOH, and the reaction 
allowed to proceed until about half of the NaBH4 was hydrolysed. The solution was then 
cooled rapidly in an ice bath to quench the reaction, and the catalyst was removed and 
washed thoroughly with distilled water before drying under vacuum.  
Analysis was performed using a Kratos Axis ULTRA X-ray Photoelectron 
Spectrometer incorporating a 165 mm hemispherical electron energy analyser.  The 
incident radiation was Monochromatic Al Kα X-rays (1486.6 eV) at 150 W (15 kV, 10 ma).  
Scan parameters were the same as those defined in Section 3.2.2, except that the high 
resolution scans were taken at a pass energy of 40 eV instead of 20 eV. Surface atomic 
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concentrations were calculated using the CasaXPS version 2.3.14 software and a linear 
baseline with Kratos library Relative Sensitivity Factors (RSFs). 
4.3 Results 
4.3.1 Temperature Dependence of Catalyst Reactivation 
Figure 4.1 shows the HGR of the catalysts prepared by the low temperature method 
before and after deactivation. The deactivation process appears to cause a sharp loss of 
activity (almost a three-fold decrease in HGR compared to the maximum activity of the 
fresh catalyst); also, the curve appears to resemble zero-order rather than first-order 
kinetics for the first 10 minutes. The difference between these two curves is similar to that 
which was observed above and below the “activation" threshold temperature for the LT 
catalysts as described in Chapter 3. Given this similarity, it would be interesting to observe 
the changes in HGR of the deactivated catalysts with temperature. 
 
Figure 4.1: Hydrogen volume (a), and specific HGR (b) of fresh and deactivated catalysts at 25 oC and 5 wt% 
NaBH4 
The deactivated catalysts were tested at various temperatures ranging from 25 oC to 
50oC (at increments of 5 oC); the results are shown in Figure 4.2. A marked improvement 
in HGR can be seen between 25 oC and 40 oC, with the rate at 40 oC surpassing that of 
the fresh catalyst at 25 oC. However, only marginal increases are observed above 40 oC. 
This pattern is similar to the behaviour exhibited by the catalysts in Chapter 3 - where the 
HGR would increase rapidly with temperature up to a certain point, above which there 
would be little change with increasing temperature. 
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Figure 4.2: Hydrogen volume (a), and specific HGR (b) of deactivated catalysts at different temperatures  
An Arrhenius plot of the maximum HGR of the deactivated catalyst against 
temperature is shown in Figure 4.3 (empty squares). The points do not lie on a straight 
line; rather, they are divided into two distinct regimes of high and low activation energies. 
This pattern was previously noted for the fresh catalysts in Chapter 3, as well as in the 
results of Li et al. (2012) [3]. For comparison, the activity of the fresh catalyst at each 
temperature is also plotted on the same diagram (filled squares).  
 
Figure 4.3: Arrhenius plot for maximum rate of fresh and deactivated catalysts 
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It was hypothesised that this transition from high to low activation energy was due to 
an in situ activation process involving reduction of the oxidised species on the surface of 
the catalyst. Such a process may also be responsible for the "reactivation" of deactivated 
catalysts, although it seems to occur at a higher temperature (~40 oC) than for the fresh 
catalysts (~30 oC). It should be noted that, above the threshold temperature of 40 oC, the 
deactivated catalyst is able to recover the vast majority of its initial HGR, as indicated by 
the close proximity of the two sets of points in this region. 
4.3.2 Concentration Dependence of Catalyst Reactivation 
The performance of deactivated catalysts at different NaBH4 concentrations is shown in 
Figure 4.4, which compares them to the HGR of fresh catalysts at the same 
concentrations. It would be expected that, since the reaction is first order with respect to 
NaBH4 concentration, the rate would increase at higher concentrations, as it does for the  
 
Figure 4.4: Performance of fresh (a), (b) and deactivated (c), (d) catalysts at different NaBH4 concentrations 
at 25 oC 
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fresh catalysts. However, the opposite is observed for deactivated catalysts - as the 
concentration increases, the initial rate of the deactivated catalysts actually decreases. For 
higher concentrations (10 wt% and 15 wt%), the HGR appears to gradually increase 
further into the reaction, although the increase is smaller (and occurs much later) for 15 
wt% than for 10 wt%. 
A decrease in HGR has been reported for very high NaBH4 concentrations (generally 
15-20 wt% or higher) [2,10,13,14], which is thought to be due to the increased solution 
viscosity impeding mass transfer to the catalyst surface [15]. It could be that, for the 
deactivated catalysts, this effect predominates over the first-order effect of increasing 
NaBH4 concentration, even at lower concentrations (5-15 wt%). The reason for this may 
be that the deactivation process has reduced the number of catalytically active sites on the 
surface, resulting in those which are available becoming saturated with NaBH4. Hence, 
increasing the NaBH4 concentration would have no beneficial effect on the reaction rate; it 
would instead decrease due to the aforementioned viscosity effect. This would also explain 
why the rate curves for deactivated catalysts appear to more closely resemble zero-order 
rather than first-order kinetics. 
The slight increase in HGR during the experiment was most likely due to the 
exothermic heat of NaBH4 hydrolysis producing a temperature rise in the solution. As 
demonstrated in Section 4.3.1, the deactivated catalysts show a rapid increase in HGR 
with temperature up until around 40 oC.  
4.3.3 Extended Cyclic Stability Testing 
It is clear from the results in Section 4.3.1 that temperature has a strong influence on the 
reactivation of the catalysts. Above a certain temperature, the catalysts are able to recover 
a substantial portion of their initial HGR. Figure 4.5 shows how much of this activity can be 
retained over an extended number of cycles, at temperatures ranging from 25 oC to 55 oC. 
The 100% value represents the HGR of the fresh catalyst for each temperature. 
As shown previously, when a temperature of 25 oC is used, the HGR drops to around 
30-35% of its initial rate; a gradual decline to around 20% is observed over subsequent 
cycles. For 35 oC, the HGR declines to around 40% of the initial rate over the first three 
cycles, after which it remains relatively constant (the "spike" at the ninth cycle is likely an  
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Figure 4.5: Extended cyclic stability testing of catalysts at different temperatures 
outlier). At 45 oC and 55 oC, the HGR remains stable at 80-90% over 10 cycles, suggesting 
that at these temperatures, the catalyst has been fully "reactivated".  
The catalyst adhesion to the substrate was found to be relatively stable over the 10 
cycles for all catalysts. Figure 4.6 shows the loaded catalyst masses after each cycle, 
calculated by weighing the deviation from the initial mass after the deactivation and drying 
steps. Interestingly, the mass was found to be relatively constant throughout the 10 cycles 
for all catalysts, indicating that they do not dissolve or disintegrate in the alkaline solution. 
However, fluctuations of around 5-10 mg are observed, with masses larger than those of 
the initial catalyst occasionally being recorded. This may be due to the oxidation of the 
surface layer in solution, or the presence of borates which were not completely removed 
by washing. These results compare favourably to some studies which have reported a 
gradual loss of catalyst mass over several cycles [1]. 
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Figure 4.6: Catalyst adhesion during cyclic stability testing 
4.3.4 XPS Analysis of Catalysts During Cycling 
XPS survey scans revealed significant differences in the surface chemistry of the catalysts 
at various stages of the reaction cycle, as shown in Figure 4.7. While the scans for the 
fresh and "activated" catalysts were quite similar, the Co peak for the deactivated catalyst 
was much weaker, while the B and O peaks have grown in intensity. There is also a large 
Na peak present for the deactivated catalyst; this indicates a large amount of sodium 
deposited on the surface, which most likely came from the leftover solution (containing 
NaOH and NaBO2) that the catalysts were immersed in. This would seem to suggest the 
presence of an oxide layer which had formed on the catalyst surface during deactivation. 
These observations are consistent with those of Kim et al. (2004) [8] and Akdim et al. 
(2011) [9], who reported the formation of a borax/borate layer on their catalysts after 
several reaction cycles. 
High resolution scans of the cobalt and boron peaks provided insight into how the 
chemical state of these elements changes during cycling. As shown in Figure 4.8(a), 
cobalt on the surface of the fresh catalysts exists as oxidised compounds such as Co(OH)2 
and Co(BO2)2. However, after being immersed in NaBH4 solution, a new peak 
corresponding to Co(0) appears at 777.5 eV. Similarly, Figure 4.8(b) shows that the boron 
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Figure 4.7: XPS survey scans at various stages during cycling 
on the surface of the fresh catalyst is completely oxidised, but an elemental boron peak is 
observed at 187.3 eV following "activation". This is consistent with the in situ reduction 
mechanism which was proposed in Chapter 3, and strongly indicates that the elemental 
Co-B is the active catalytic phase for this reaction. It should be noted that the Co 2p3/2 
peak at 777.5 eV is about 0.6-0.8 eV lower than the commonly observed BE for metallic 
cobalt (778.1-778.3 eV [16]), which is evidence of the boron acting as an electron donor to  
 
Figure 4.8: High resolution scans of Co 2p3/2 (a), and B 1s (b) regions during cycling 
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the cobalt atoms [17]. This is thought to be responsible for the increased catalytic activity 
of Co-B compared to metallic cobalt, as discussed in Chapter 2. 
For the deactivated catalyst, neither of the elemental cobalt or boron peaks are 
present, suggesting that these species were oxidised during the deactivation process. This 
was also discussed in Chapter 3 and has been observed in previous studies such as 
Garron et al. (2009) [11]. The catalyst would therefore need to be reactivated once more 
by in situ reduction with NaBH4 to regenerate the catalytic phase and regain its activity. 
Table 4.1 shows the surface elemental composition of the fresh, activated and 
deactivated catalysts. The oxygen content of the fresh catalyst is shown to decrease 
following oxidation, which is due to the in situ reduction of oxidised cobalt and boron 
compounds to their elemental/alloyed states. The Co/B ratio remains roughly constant 
between these two stages. 
Table 4.1: Surface elemental composition of fresh and deactivated catalysts 
Elemental 
Peak 
Fresh Catalyst 
(at%) 
Activated 
Catalyst (at%) 
Deactivated 
Catalyst (at%) 
B 1s 14.1 19.1 14.7 
O 1s 65.6 53.7 61.5 
Na 1s N/A N/A 18.2 
Co 2p3/2 20.3 27.2 5.6 
However, the deactivation process is shown to greatly diminish the amount of cobalt 
atoms at the surface, most likely due to the aforementioned oxide layer blocking the 
surface of the catalyst proper. This is accompanied by a slight increase in boron content 
and a substantial amount of sodium, suggesting that these are the non-oxygen 
components of the surface layer. The Na/B ratio is close to 1, which would indicate that the 
composition of the oxide is roughly equivalent to NaBO2. The presence of this oxide layer 
is likely responsible for the decreased activity, along with oxidation of the catalytically 
active Co-B, which was discussed previously. 
4.4 Discussion 
The catalysts used in this experiment have been shown to retain 80-90% of their initial 
HGR over 10 reaction cycles, when a temperature above 40 oC is used. This compares 
favourably to the reported cyclic stability of other non-noble catalysts, as shown in Table 
4.2. Moreover, the catalysts in this experiment were able to regain their activity even after 
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being exposed to highly alkaline solution for several hours. Therefore, it would be 
expected that, in a real system, they would be stable over many more cycles than the 
amount tested here. The catalyst adhesion to the substrate was also shown to be quite 
stable, showing fluctuations in mass of about 5-10 mg but no significant decrease over the 
10 cycles.  
Table 4.2: Comparison of cyclic stability of new catalyst with other supported non-noble catalysts reported in 
the literature 
Catalyst Max. HGR 
(mL/min/g) 
No. of 
Cycles 
% of Initial HGR 
Retained 
Ref. 
Filamentary Ni-Co 96 200 76 [8]
Co-B/Pd 2875 7 80 [1]
Co-B (from LiCoO2) 2400 14 40 [4]
Co-W-B/Ni 15000 6 90 [2]
Co-Ni-P 2479 15 25 [5]
Co nanoclusters 6076 5 59 [18]
Co-B/Clay 3350 9 69 [19]
Fe-Co-B/Ni 22000 6 54 [6]
Co-P 3584 6 70 [10]
Co-Ni-P/Pd-TiO2 460 5 86 [20]
Co/ZIF-9 2345 5 96 [3]
Co/HAP 5000 5 81 [21]
Co-W-P/Cu 5000 5 51 [7]
Co-B 3480 16 60 [22]
Co-B/Ni 7130 10 83 This work
Two reasons for the decreased activity of the deactivated catalysts were identified: the 
oxidation of the catalytically active Co-B phase, and the formation of a NaBO2 layer on the 
surface. The latter was shown by XPS analysis to reduce the amount of surface cobalt; 
this would likely impede the in situ formation of Co-B, in turn reducing the number of 
catalytic sites for NaBH4 hydrolysis. This would also explain why the HGR for deactivated 
catalysts decreases with increasing NaBH4 concentration; the fewer Co sites become 
saturated, and the increased solution viscosity causes mass transfer limitations take effect.  
The formation of Co-B by in situ reduction proceeds at moderate (~30 oC) 
temperatures for fresh catalysts, as shown in Chapter 3. However, this would not be able 
to occur for deactivated catalysts, due to the presence of the NaBO2 layer blocking most of 
the Co sites. The full "reactivation" of the deactivated catalysts only proceeds at higher 
temperatures (45-55 oC); this may be due to the dissolution of the NaBO2 layer under 
these conditions, thereby allowing the active Co-B phase to form. At these temperatures, 
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the catalysts were able to regain most of their initial HGR without washing with acid 
solution, which was required by Akdim et al. (2011) [9]. This is a more efficient means of 
catalyst reactivation than the acid washing method, as it only requires a small amount of 
initial heating and does not consume any additional reagents. 
In a practical system, the NaBH4 solution may require some heating from an external 
source upon start-up in order to reactivate the catalyst. This could be provided by a small 
heating coil, which could warm the solution around the catalyst enough to bring it to the 
desired temperature. Afterwards, the exothermic heat of hydrolysis would likely be able to 
maintain this temperature, provided the NaBH4 concentration is sufficiently high. 
4.5 Conclusions 
The Co-B catalysts prepared as described in Chapter 3 were tested for their cyclic stability 
while characterising their surface composition. The oxidised cobalt and boron species 
were found to be reduced by NaBH4 solution to catalytically active Co-B in situ, and 
subsequently re-oxidised towards the end of the hydrolysis reaction. Following long-term 
exposure to alkaline solution, a significant drop in the HGR of the catalysts was noted, 
which became more pronounced at higher concentrations. This was found to be due to the 
presence of NaBO2 on the catalyst surface, which reduced the number of available Co 
sites for NaBH4 hydrolysis.  
However, the catalysts were able to regain most of their activity when operating at 
higher temperature (40 oC or above). It was thought that the higher solution temperature 
helped to dissolve the NaBO2 layer, thereby freeing up more of the catalyst surface and 
increasing the reaction rate. Extended cyclic stability tests found that 80-90% of the initial 
HGR is retained even after 10 usage/deactivation cycles. This suggests that the catalysts 
would be suitable for long-term use in a practical hydrogen storage system, provided the 
system operates at a sufficient temperature. 
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Chapter 5: New Fed-Batch Reactor Design 
 
5.1 Introduction 
The DOE “No-Go” recommendation in 2007 focused primarily on the limitations of the 
practical GHSC of NaBH4 solutions. It stated that in order to achieve a GHSC of 4.5 wt% 
(including the reactants and vessels), a solution of 30wt% NaBH4 would be necessary [1]. 
However, precipitation of NaBO2 is known to become problematic at concentrations lower 
than this level [2-5]; hence, a 30 wt% NaBH4 solution was considered impractical and 
unrealistic. As indicated in Figure 5.1 (which considers the GHSC based only on the 
reactants), the ability of NaBH4 solutions to meet further GHSC targets is severely 
constrained by this upper limit. 
 
Figure 5.1: NaBH4 solubility and corresponding GHSC (based on reactant masses only) 
However, it should be noted that all of the system designs on which the DOE’s 
decision was based utilised a pre-made solution of NaBH4. As was discussed in Chapter 
2, GHSCs of 6.0 wt% and greater have been achieved with batch systems, in which water 
is fed to a reactor containing solid NaBH4 and catalyst [6-8]. Another alternative could be a 
system in which solid NaBH4 could be added to the alkaline solution as it is needed, in a 
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"fed batch" configuration. Such a design would allow the NaBH4 concentration to be kept 
at a relatively low and manageable level - since NaBH4 is used continuously as it is added, 
the concentration at any given time need not be greater than a few percent by mass. This 
would be a safer and more controllable method of increasing the GHSC than the solid 
NaBH4/catalyst precursor methods discussed in Chapter 2. Further benefits of this system 
include: 
 Reduced equipment mass and volume; as there are essentially only two system 
components (the hopper and the reactor), the number of vessels required would be 
less than for a continuous flow system (feed tank, reactor, discharge tank) 
 No solution flow; since the alkaline solution stays in one vessel, there is less 
potential for clogging (which was observed in some literature reports) and pumps 
are not required 
 Ease of reaction control; the catalyst can simply be immersed or withdrawn from 
solution depending on whether or not H2 is required (this gives it advantages over 
the aforementioned batch systems where the catalyst is mixed in with the solid 
NaBH4 inside the reactor) 
Despite these advantages, NaBO2 precipitation remains an issue with this design. As 
more NaBH4 powder is added to the reactor, NaBO2 will accumulate in solution and 
eventually precipitate once it reaches its solubility limit. However, it should be noted that 
precipitation is only problematic if it damages the catalyst; as there is no solution flow in 
this system, there is no potential for clogging. Therefore, the design must be adjusted so 
that precipitation occurs away from the catalyst, allowing the reaction to proceed beyond 
the NaBO2 solubility limit. This can be accomplished by utilising the variation of NaBO2 
solubility with temperature, which is indicated in Figure 5.2. 
As the hydrolysis reaction is exothermic, the solution around the catalyst will likely heat 
up faster, and be capable of keeping more NaBO2 in solution. If this heat can be removed 
in a separate area of the reactor, via a cooling coil, a temperature gradient will be 
established, dividing the vessel into high-temperature and low-temperature "zones". 
Assuming the solution is fairly well-mixed (but not well-mixed enough to destroy the 
temperature gradient), the NaBO2 will preferentially crystallise in the low-temperature 
zone, preventing it from damaging the catalyst. 
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Figure 5.2: Anhydrous NaBO2 solubility variation with temperature [9] 
In theory, this new reactor design (schematic shown in Figure 5.3) should alleviate the 
issues of clogging and precipitation associated encountered with conventional designs, 
allowing further improvements in GHSC to be made. The development, construction and 
investigation of this reactor prototype will be the focus of this chapter. 
5.2 Preliminary Modelling 
In order to investigate the feasibility of this reaction system on a theoretical level, a model 
was developed using Excel. The purpose of this model was to calculate the concentrations 
within the system at regular intervals as NaBH4 is added, and to ensure that the 
concentration of NaBO2 is kept below the solubility limit in the high-temperature zone. The 
assumptions which formed the basis for this model were: 
 NaBH4 is added to 100 g of solution at a rate of 1 g/min, until there is no more free 
water in which it can dissolve 
 The amount of NaBH4 in the reactor is kept at 2 g (around 2 wt%) by reacting at the 
same rate as it is added 
 High-temperature reaction zone (HTRZ) is at 70 oC; low-temperature crystallisation 
zone (LTCZ) is at 50 oC 
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 Crystallisation starts when the NaBO2 concentration reaches the low-temperature 
solubility limit 
 NaBO2 crystallises as a tetrahydrate (NaBO2.4H2O) 
 NaBO2 is well-mixed throughout the reactor 
 Reaction and crystallisation occur instantaneously - no kinetic limitations 
considered 
 
Figure 5.3: Schematic of new reactor design 
The results of this model are shown in Figure 5.4. The steady accumulation of NaBO2 
in solution can be seen, up to the solubility limit in the LTCZ (at around 35 wt%). This 
causes the concentration of NaBO2 in solution to plateau, as additional NaBO2 crystallises 
in the LTCZ, while the HTRZ remains free from precipitation due to the higher solubility 
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limit. Eventually, the amount of free water in the reactor approaches zero, causing the 
sharp rise in NaBH4 concentration towards the end. The total amount of NaBH4 added was 
105 g, which corresponds to a GHSC of 5.47 wt% on a reactants-only basis. This is 
approximately equal to the theoretical GHSC based on the stoichiometry in Equation (5.1), 
where x = 4. 
(5.1) 22224 4HO.xHNaBOOx)H(2NaBH   
 
Figure 5.4: Theoretical model of new reactor operation (assuming tetrahydrate crystallisation) 
It is clear from this model that, to improve the GHSC of this system, the amount of free 
water in the reactor must be maximised. The crystallisation of NaBO2 as a tetrahydrate 
removes a significant amount of liquid water from the reactor; hence, more water can be 
retained by reducing the degree of hydration of NaBO2. As shown in Figure 5.2, NaBO2 
crystallises as a dihydrate instead of a tetrahydrate starting at 54 oC [9]. Therefore, 
operating the reactor with the LTCZ above this temperature should lead to significant 
improvements in the GHSC.  
Accordingly, the model was updated so that the LTCZ was assumed to operate at 55 
oC, with NaBO2 crystallising as a dihydrate. The results are shown in Figure 5.5. 
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Figure 5.5: Theoretical model of new reactor operation (assuming dihydrate crystallisation) 
A greater amount of NaBH4 (157 g) was added to the reactor before the free water 
was exhausted, which equates to a GHSC of 7.27 wt%. Again, this is close to the 
theoretical GHSC based on Equation (5.1), where x = 2. These results suggest that the 
reactor could, in theory, meet the 2015 DOE target of 5.5 wt%. Hence, the theoretical 
basis for this design appears solid. 
5.3 Laboratory-Scale Reactor Simulation  
5.3.1 Initial Testing 
A laboratory-scale rig was set up to simulate the temperature zone effects of the proposed 
reaction system.  As shown in Figure 5.6, this involved immersing the bottom of a test tube 
in cooling water (kept at 22 oC), in order to simulate the LTCZ. The catalyst (Co-B 
supported on 1 x 1 cm piece of Ni foam, synthesised as described in Chapter 3) was held 
in place at the top of the solution by a magnetic stirrer bar, simulating the HTRZ. 
To simulate the continuous addition of solid NaBH4 from the feed hopper, 0.5 g NaBH4 
was added to 10 mL of 1 wt% NaOH solution and hydrolysed with the catalyst, measuring 
the rate of H2 evolution as described above while stirring intermittently. Afterwards, 
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Figure 5.6: Laboratory scale reactor simulation apparatus 
another 0.5 g was added, and the process was repeated until no more NaBH4 could be 
dissolved. 
The simulation of the proposed reactor design proceeded as expected. As more 
NaBH4 was added, NaBO2 crystals began to appear in LTCZ of the test tube (the first 
crystals were observed after the third addition of NaBH4). As more NaBH4 was added, the 
bed of crystals grew larger and larger, reducing the space between the high and low 
temperature zones. Eventually, there was no more free water in which to immerse the 
catalyst; at this point the experiment was stopped. A total of 2.75 g NaBH4 had been 
added up to this point, producing 6.65 L of hydrogen (a yield of >97%). Note that for the 
final addition, only 0.25 g of NaBH4 was added instead of 0.5 g. 
 
Figure 5.7: Formation of NaBO2 crystals during reactor simulation 
With regards to the hydrogen evolution rate (shown in Figure 5.8), two competing 
effects could be observed. After each NaBH4 addition, there was an initial “spike” in the 
reaction rate. However, these “spikes” decreased in height with each addition, 
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corresponding to a decreased reaction rate. This was likely due to the solution becoming 
more viscous, as a result of the build-up of NaBO2 in solution. However, as the bed of 
NaBO2 crystals began to grow larger, the reduced amount of water available meant that 
the temperature rise from the exothermic reaction became greater (this is clearly evident in 
the fifth spike, which is higher than the first).  
 
Figure 5.8: Specific H2 generation rate during staged NaBH4 addition test 
The hydrogen evolution profile is shown in Figure 5.9, with the corresponding 
hydrogen storage capacity (on a reactants-only basis) shown on the secondary axis. By 
the time the experiment was stopped, a GHSC of 4.44 wt% had been reached. For the 
model system in Section 5.2 which assumed tetrahydrate crystallisation, the GHSC was 
5.47 wt%; the experimental GHSC corresponds to about 81% of this value. This 
discrepancy may have been due to the LTCZ operating at a temperature of 22 oC (instead 
of 50 oC as assumed by the model), or possibly because of free water filtering into the 
pores between the NaBO2 crystals.  
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Figure 5.9: H2 generation and GHSC results for staged NaBH4 addition test 
5.3.2 Water Recycle Testing 
One way of increasing the hydrogen storage capacity of the system is to reduce the 
amount of water present initially, and instead recycle the water formed in the fuel cell. 
Although this would result in the mass of the system increasing over time, it would enable 
a lower starting mass to be used. To calculate the GHSC of a given system, the maximum 
mass of the reactor contents should be used; in this case, the end products’ mass.  
On this basis, the theoretical GHSC (based on the stoichiometry in Equation (5.1)) 
should increase slightly, since the H2 on the product side of the equation has already been 
consumed by the fuel cell. The theoretical GHSC with and without water recycling is 
shown in Table 5.1. 
Table 5.1: Effect of water recycling on theoretical GHSC of reactor design 
NaBO2 hydration 
factor 
GHSC without water 
recycling (wt%) 
GHSC with water 
recycling (wt%) 
2 7.29 7.86 
4 5.49 5.81 
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This process was simulated by starting with a reduced amount of 1 wt% NaOH 
solution (5 mL instead of 10 mL) and adding, along with each NaBH4 charge, an amount of 
water equivalent to that which would be produced if the H2 evolved previously were 
reacted in a fuel cell.  
The results of this experiment are shown below. A total of 2.875 g NaBH4 was added 
over the course of the reaction, producing a total of 6.67 L of hydrogen (representing a 
slightly lower yield of around 93%). This is roughly the same amount of hydrogen 
produced in the previous experiment, although with only half the amount of starting 
solution. The experiment was stopped when there was no more free water in which to 
immerse the catalyst. 
 
Figure 5.10: H2 generation and GHSC results for staged NaBH4 addition with water recycling 
The GHSC of this system based on the end products' mass (11.7 g) is 4.84 wt%, 
which is, as expected, a slight improvement compared to the previous experiment. It 
represents about 83% of the theoretical 5.81 wt% shown in Table 5.1, a similar percentage 
to the test where water was not recycled. 
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Although promising, the GHSC results achieved here would not yet be enough to 
satisfy the 2010 DOE hydrogen storage target, if the mass of the reactor vessel was 
factored in. It is clear that operation of the reactor with a higher temperature LTCZ, such 
that NaBO2 crystallises as a dihydrate, will be necessary to achieve the required GHSC. 
When operating at these conditions with water recycling, the theoretical GHSC of this 
system would be 7.86 wt%; if at least 80% of this value can be achieved (consistent with 
the results of the last two experiments), the GHSC of this system would be 6.29 wt%. This 
would be enough to meet both the 2010 and 2015 DOE targets; for the former, possibly 
even if the vessel mass was also included. 
5.4 Prototype Reactor Testing 
5.4.1 Initial Testing 
A scaled-up prototype of this reactor design (approximately 2.0 L in volume) was 
constructed by Labglass, Pty. Ltd, and is shown in Figure 5.11. The reactor is fitted with a 
movable rod to suspend the catalyst, thermocouples to monitor the temperature in the 
different zones, and a mechanical powder doser (LAMBDA Laboratory Instruments, 
Switzerland) to supply the solid NaBH4. The coil at the bottom of the vessel could be 
supplied with cooling water to create the desired temperature gradient. 
 
Figure 5.11: Prototype reactor 
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The maximum achievable GHSC of the reactor was tested as follows. 1500 mL of 1 
wt% NaOH solution was loaded into the reactor, and 30 g of NaBH4 was dissolved in the 
solution as an initial "charge". Approximately 0.75 g of Co-B catalyst (prepared using the 
method described in Chapter 3) supported on 12 cm2 of Ni foam (3 x 4 cm2 pieces) was 
lowered into the solution and immersed just below the surface. The generated hydrogen 
was passed through a bed of desiccant to absorb moisture and then through a Beijing 
Sevenstar D08-8CM gas flow meter to measure the volumetric flow rate. The total volume 
of hydrogen produced was calculated by integrating the flow rate over time. Further NaBH4 
was added to the reactor continuously using the powder doser. 
Initially, no water was pumped through the cooling coil, so the temperatures at the HT 
and LT zones rose at approximately the same rate, to around 60oC. After approximately 
200 litres of hydrogen had been generated, the catalyst was removed from solution and 
the reaction stopped for 4 days. Using a fresh batch of catalyst (approximately 1 g, 
supported on 16 cm2 of Ni foam), the reaction was restarted. 
After a further 250 litres of hydrogen were generated, the cooling water was switched 
on and a sharp decrease in LTCZ temperature was noted (from 70 oC to 25 oC in less than 
15 minutes). Shortly afterwards, the formation of NaBO2 crystals around the cooling coil 
was observed. The bed of crystals gradually became thicker over time. Subsequent to the 
cooling water being turned on, a thermocline was observed separating the HTRZ and 
LTCZ, with a temperature difference of at least 20-30 oC. During this time, the reactor 
could be picked up and agitated without any observable impact on the temperature 
difference, showing that there was very little mixing between the two zones. 
After about 800 litres of hydrogen had been generated, the solution in the HTRZ had 
become very viscous, causing the catalyst to disintegrate and detach from the Ni foam 
support. The large amount of NaBO2 in solution began to precipitate much more rapidly, 
leaving very little free solution in which to dissolve new NaBH4. At this point, the reaction 
was stopped. Photos of the reactor at various stages throughout the experiment are shown 
in Figure 5.12, and plots of the hydrogen flowrate and HTRZ/LTCZ temperatures are given 
in Figure 5.13 (note that the letters in Figure 5.13 indicate the times at which the photos in 
Figure 5.12 were taken). 
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Approximately 870 litres of hydrogen had been generated throughout the course of the 
experiment. Based on the mass of solution and the mass of NaBH4 added, this 
represented a gravimetric hydrogen storage capacity (GHSC) of 4.10 wt% (see Figure 
5.14). 
 
Figure 5.12: Photographs of the reactor throughout the experiment 
  
 
Figure 5.13: H2 flowrate and HT/LT zone temperatures during the experiment 
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Figure 5.14: H2 generation and GHSC results for prototype reactor experiment 
The GHSC obtained from this experiment was less than the equivalent small-scale 
experiment described in Section 5.3.1 (4.44 wt%). This was unexpected, as the prototype 
reactor had the advantages of greater control of the different temperature zones, as well 
as higher overall operating temperature. This may have been due to the formation of the 
thermocline, which prevented mixing between the two temperature zones as discussed 
previously.  This would have caused the NaBO2 to build up in the HTRZ rather than 
migrating to the LTCZ and crystallising. The solid NaBH4 added may have also acted as 
seed crystals for the precipitation of NaBO2 in the HTRZ, which may have become 
supersaturated by that point. 
It is clear from this test that the temperature gradient between the two zones, while a 
necessary part of the reactor design, may also be detrimental to its operation. Some 
degree of agitation will be required to periodically disrupt the thermocline and allow NaBO2 
to be mixed into the LTCZ. 
5.4.2 Water Recycle Testing 
As demonstrated in Section 5.3.2, using a smaller amount of initial solution and recycling 
water from the fuel cell should increase the GHSC of the system. This was simulated for 
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the prototype reactor by starting with 500 mL of 1 wt% NaOH solution instead of 1500 mL, 
and adding NaBH4 along with the equivalent amount of water which would be produced in 
a fuel cell by the evolved H2. This enabled the NaBH4 to be added as a solution through a 
dropper instead of as a solid powder, which eliminated the issue of caking encountered in 
the previous experiment. 
The hydrogen generation was measured using the same apparatus as described in 
Section 5.4.1. Additionally, a moisture trap was used to collect any water which condensed 
in the gas line, so that it could be returned to the reactor through the solution dropper. To 
ensure sufficient mixing of the NaBO2 throughout the reactor, a piece of wire mesh was 
attached to the catalyst rod, which could act as an impeller when the catalyst was 
immersed in solution. Approximately 1 g of catalyst was used (supported on 16 cm2 of Ni 
foam). 10 g of NaBH4 was dissolved in the solution prior to starting the reaction. 
Initially, a very high rate of hydrogen generation was observed (around 2000 mL/min); 
the large amount of heat generated raised the temperature of both zones above 60 oC 
within an hour. However, the rate began to decrease steadily as the concentration of 
NaBO2 in solution increased. This effect was more pronounced than with the previous 
experiment, because there was less solution available in which to dissolve NaBO2. A 
gradual decline in the temperature of both zones was noted as the reaction rate 
decreased. After 7 hours, the last of the NaBH4 in the reactor was hydrolysed and the 
reaction was stopped overnight. At this point, the NaBO2 concentration in the reactor was 
calculated at over 33 wt%. 
The following morning, a large amount of crystallised NaBO2 was observed. The 
reactor was heated up artificially to dissolve the NaBO2 before dissolving 10 g of NaBH4 
and starting the reaction. The reaction rate was much slower than it had been during the 
previous run, most likely due to the high NaBO2 concentration. The rate was insufficient to 
raise the temperature above ~55 oC. The reaction was stopped after a further 3 hours. 
Three days later, the reaction was started again with an additional 0.75 g catalyst to 
increase the rate. This time, the solution was not heated up beforehand, so as to keep 
more NaBO2 in precipitate form and prevent the concentration from becoming too high, 
which had been shown slow the reaction rate. Initially, an improvement in the reaction rate 
was noted; however, this began to decrease as the loosely-packed bed of NaBO2 crystals 
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built up towards the level of the catalyst. The cooling water was switched on so as to 
promote the crystallisation in the LTCZ, aided by intermittent mixing. The reaction was 
continued until the catalyst had become completely surrounded by NaBO2 crystals. 
Photos of the reactor during the experiment are shown in Figure 5.15, and plots of the 
hydrogen flowrate and HT/LT zone temperatures are shown in Figure 5.16. 
 
Figure 5.15: Photographs of the reactor throughout the water recycling experiment 
  
 
Figure 5.16: H2 flowrate and HT/LT zone temperatures during the water recycling experiment
Chapter 5 New Fed-Batch Reactor Design 
105 
 
Figure 5.17: H2 generation and GHSC results for water recycling experiment 
A total of 689 L of hydrogen was generated throughout the experiment, which 
corresponds to a yield of 92.6% based on the mass of NaBH4 added. On the basis of the 
final mass of the reactor contents, the GHSC achieved in this experiment was 4.71 wt% 
(note that although the volume of hydrogen generated is lower than for the previous 
experiment, the GHSC is higher because less starting solution was used). This value is 
similar to, but slightly below the figure achieved using the small-scale simulation (4.84 
wt%). 
 A GHSC of 4.71 wt% would be equivalent to a NaBH4 solution with a concentration of 
around 22 wt%. In a conventional system, concentrations around this level tend to produce 
problems such as clogging [4], catalyst disintegration [2], and decreased yield [10]. The 
ability of this system to achieve this GHSC without encountering any of said problems 
indicates its advantages over conventional designs. 
A comparison of all experimental results against the theoretically achievable GHSC is 
shown in Figure 5.18; typically, about 80-85% of the theoretical GHSC is attained in the 
real systems. It is clear from these experiments that the GHSC is limited by the amount of 
free water in the reactor. 
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Figure 5.18: Summary of experimental and theoretical GHSCs for the new reaction system 
5.5 Discussion and Further Improvements 
In theory, a GHSC of 5.81 wt% should be achievable when using water recycling 
(assuming tetrahydrate formation). However, in reality, water was found to adsorb onto the  
loosely-packed NaBO2.4H2O crystals, forming a slurry in which the catalyst could not 
operate. To further improve the system GHSC, a different method of separating the 
remaining water from the crystallised NaBO2 will be required. 
One option would be to physically remove the NaBO2 crystals from the reactor as they 
form. This could be accomplished by using a mechanical scraper on the floor of the 
reactor, which could compact the crystals and force them through a valve into a separate 
chamber. This would leave more water free in which to carry out the NaBH4 hydrolysis, 
allowing a GHSC closer to the theoretical values in Figure 5.18 to be achieved. 
Nevertheless, even if the theoretical GHSC of 5.81 wt% were to be achieved, it would not 
be enough to meet the DOE's 2015 target of 5.5 wt%, due to the mass of the reaction 
vessel and auxiliary equipment.  
To increase the theoretical GHSC further, it would be necessary to decrease the 
hydration factor of NaBO2, since crystallised water is essentially "dead weight" in the 
Chapter 5 New Fed-Batch Reactor Design 
107 
context of the system operation. As discussed in Section 5.2, promoting the formation of 
the dihydrate NaBO2.2H2O instead of the tetrahydrate will lead to further improvements in 
GHSC. If the LTCZ is operated at above 54 oC, NaBO2 will crystallise as a dihydrate. 
However, this will increase the concentration of NaBO2 in solution, which leads to a 
significant reduction in catalyst performance (as shown in Section 5.4.2). To prevent this, 
the NaBO2 should be crystallised and removed before it becomes excessively 
concentrated. 
While the transition between NaBO2.4H2O and NaBO2.2H2O in solution occurs at a 
single point, the dehydration of NaBO2.4H2O in air is smooth and gradual, starting at 
temperatures as low as 40 oC according to some reports [11,12]. This was confirmed 
experimentally through thermogravimetric analysis (TGA) of the hydrated NaBO2 crystals 
produced in the prototype reactor test. A heating rate of 2 oC/min was applied, up to a 
maximum temperature of 350 oC. The results are shown in Figure 5.19. 
 
Figure 5.19: TGA curve of hydrated NaBO2 produced in prototype reactor experiment 
The percentage mass loss over the whole experiment was 52.2%. This corresponds 
almost exactly to the loss of 4 moles of water per mole of anhydrous NaBO2, indicating 
that the product was a tetrahydrate as expected. As seen in Figure 5.19, the loss of the 
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first two moles of water (from x = 4 to x = 2) begins slowly, but becomes increasingly rapid 
around 60-70 oC. Further dehydration does not occur until around 100 oC, which is above 
the ideal operating temperature of the reactor. 
However, it should be noted that the points on the curve in Figure 5.19 do not 
represent the equilibrium values of x for the corresponding temperature, as the 
dehydration process is limited by kinetics. This is illustrated in Figure 5.20, which shows 
how the dehydration begins at a slightly lower temperature when a slower heating rate (1 
oC/min) is used. To determine the equilibrium hydration factor for temperatures in this 
region, a sample of NaBO2.4H2O crystals was placed in an oven at 30 oC and allowed to 
equilibrate for 24 hours, after which the mass loss was recorded. The process was then 
repeated for temperature increments of 10 oC up to 100 oC, and the results are shown on 
the blue curve in Figure 5.20. 
 
Figure 5.20: TGA curves for NaBO2.4H2O between 30-100 oC at different heating rates 
In theory, if the NaBO2.4H2O crystals were removed from the solution, it would be 
possible to partially dehydrate them by blowing warm air through the crystals, and venting 
it through the exhaust. As indicated in Figure 5.20, a stream of air at 40 oC could 
theoretically decrease the hydration factor to 2 or even less. Venting this water to the 
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atmosphere would help to offset some of the mass gained by the system due to water 
recycling, and in turn increase the GHSC. 
To quantify the potential improvements to the system with this modification, the Excel 
models in Section 5.2 were updated to include water recycling from the fuel cell and 
dehydration of the removed NaBO2 crystals. The mass of the system was evaluated up to 
the point where all of the free water in the reactor was exhausted, while assuming different 
values of the NaBO2 hydration factor x, ranging from 0 to 4. The results are summarised in 
Figure 5.21, which shows the change in mass of the reactor (including removed and 
dehydrated NaBO2) for different values of x. The lines begin to diverge when the NaBO2 
begins to crystallise; afterwards, the mass increase becomes smaller (and eventually 
negative) for decreasing values of x as more water is removed. 
 
Figure 5.21: Changes in system mass during operation for different NaBO2 hydration factors 
The maximum system mass for each of these scenarios can be used to determine the 
theoretical GHSC which can be achieved. This is shown in Figure 5.22. The theoretical 
GHSC increases from 5.81 wt% for the tetrahydrate up to 9.16 wt% when x is 
approximately 1.2. Beyond this point, the system will begin losing mass due to NaBO2 
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dehydration; the maximum system mass will therefore be the point at which NaBO2 begins 
to crystallise (hence, no more GHSC increases can be achieved with further dehydration). 
 
Figure 5.22: Theoretical GHSC of the new system as a function of NaBO2 hydration factor 
If the removed NaBO2 crystals are sufficiently dehydrated, this system may be able to 
fulfil the DOE's 2015 target of 5.5 wt%, even considering the mass of the reaction vessel 
and equipment. The theoretical maximum GHSC which can be attained at different drying 
temperatures can be determined by combining the information in Figures Figure 5.20 and 
Figure 5.22. This is shown in Figure 5.23, in which both TGA curves and the 24 hours 
equilibrium curve from Figure 5.20 are converted to an equivalent GHSC figure.  
Drying of the hydrates allows significant improvements in GHSC; however, if a large 
amount of energy is required, this would necessitate a heating apparatus and consume a 
portion of the fuel cell's output, diminishing the overall performance of the system. This 
could be circumvented by using ambient air as the cooling fluid to absorb heat from the 
LTCZ, which would simultaneously act as a way of preheating the air to use for 
dehydration of the NaBO2.  
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Figure 5.23: Potential GHSC improvement with air drying of NaBO2 hydrates 
As stated previously, if air at 40 oC is blown through the tetrahydrate, enough moisture 
could be removed to increase the theoretical maximum GHSC to over 7.5 wt%. However, 
this assumes that equilibrium will be attained rapidly enough to prevent the mass of the 
system from increasing excessively. Further testing will be required to validate these 
proposed improvements in a practical system. 
5.6 Conclusions 
A new design for a NaBH4-based hydrogen storage reactor has been proposed, designed 
specifically to overcome the limitations encountered by previous systems reported in the 
literature. The system is based on a fed-batch reactor configuration, in which solid NaBH4 
is added to the reactor as it is needed. The reactor is divided into high and low 
temperature zones so as to prevent crystallisation of NaBO2 from impeding the catalyst. 
The system was demonstrated both at a laboratory scale (~10 mL) and a prototype 
reactor scale (~2.0 L). NaBH4 was continuously added to the system and hydrolysed until 
no further solids could be dissolved; in both cases, the hydrogen produced represented 
about 80-85% of the theoretical maximum GHSC. The GHSC of the system at both scales 
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was improved slightly by starting with less solution and simulating water recycling from a 
hypothetical attached fuel cell.  
For the prototype reactor, a GHSC of 4.71 wt% was attained, which is equivalent to a 
NaBH4 solution with a concentration of 22 wt%. Many conventional systems reported have 
been unable to operate successfully at this concentration, which demonstrates the 
advantages inherent in this new reactor design. Further improvements would be possible 
by mechanically removing the hydrated NaBO2 crystals from the solution and using warm 
air to partially dehydrate them, so that the "dead weight" of crystallised water can be 
vented to the atmosphere. In theory, a GHSC in excess of 7.5 wt% would be possible with 
these enhancements. 
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Chapter 6: NaBH4 Recycling Process 
 
6.1 Introduction 
The price of NaBH4 remains prohibitively high for use as a commercial hydrogen storage 
material, primarily due to the use of sodium hydride (NaH) as the hydride source in the 
Scheslinger process. The manufacture of NaH requires metallic sodium, which is produced 
by the electrolysis of molten NaCl at approximately 600 oC, a highly energy-intensive and 
inefficient process [1]. Moreover, sodium is generally not produced on the site of NaBH4 
production, and must be sourced from an outside supplier [2]. The highly reactive nature of 
sodium adds substantially to the cost of shipping and handling. The spot price of NaH in 
2006 was $6.15/lb ($13.53/kg) according to ICIS Chemical Business [3], which had 
reported the same price since 1994 [4]. Hence, achieving substantial reductions in NaBH4 
cost will require an alternative hydride source. 
As discussed in Chapter 2, several processes have been demonstrated using 
sacrificial metals such as Mg [5], Al [6], and Si [7], which are cheaper alternatives to 
metallic Na. Equivalent hydrogen costs of $6-12/gge have been estimated for these 
processes [8]. Further reducing the cost to within the DOE’s target range of $2-4/gge will 
likely require the use of abundant, inexpensive feedstocks (e.g. natural gas, coke, 
hydrogen) to drive the regeneration of NaBH4 from NaBO2. 
However, such a reaction is very difficult from a thermodynamic point of view. The 
direct reaction of NaBO2 with carbonaceous reducing agents or hydrogen does not 
proceed at any temperature. Millennium Cell proposed a series of multi-step processes in 
which a boron derivative of NaBO2 (B(OCH3)3, BCl3 or BBr3) was reacted with gaseous 
hydrogen to form diborane (B2H6), which could then be used as a precursor for making 
NaBH4. However, the production of diborane using hydrogen was also found to be 
thermodynamically unfavourable [2]. Hence, it is clear that the key energetic “bottleneck” in 
the production of NaBH4 is the breaking of B-X bonds (where X is either oxygen or a 
halogen such as Cl or Br) and formation of B-H bonds.
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A recent DOE review identified a proposed system for regenerating ammonia borane 
(NH3BH3), a compound with similar hydrogen storage properties to NaBH4 [9]. The 
process involves the thermal decarboxylation of trialkyltin formates to yield tin hydrides, an 
endothermic process which occurs at relatively mild conditions (170-180 oC) [10]. The 
hydride can be reacted with a boron precursor such as BCl3, forming B-H (usually in the 
form of B2H6). The trialkyltin formate can be regenerated by addition of formic acid, which 
is the only input if all intermediates are recycled [11].  
In theory, such a system could be used to bridge the thermodynamic “gap” in the 
Millennium Cell processes, enabling the production of B2H6 from B-X precursors using low-
cost input materials (formic acid costs around $0.70-0.77/kg, an order of magnitude less 
than NaH [12]). The process is shown schematically in Figure 6.1 (note that this diagram 
also includes the hydrogenation of the CO2 from the decarboxylation step to regenerate 
formic acid, a reaction which has been studied for many years but has not yet been 
applied industrially [13]). 
 
Figure 6.1: Trialkyltin formate/hydride decarboxylation cycle 
The purpose of this chapter is to develop a novel method for NaBH4 regeneration 
based on the organometallic formate/hydride cycle. This will involve the conceptual design 
of the process (which includes identifying complementary reactions in the literature and 
producing a basic process flow diagram); as well as the experimental demonstration of the 
key reaction step. In theory, this will allow the production of NaBH4 using formic acid – a 
relatively low-cost organic input – instead of NaH as the hydride source. 
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6.2 Process Design 
6.2.1 New Reaction for NaBH4 Production 
As stated previously, the centrepiece of this process will be the formate decarboxylation 
cycle shown in Figure 6.1, as it provides an inexpensive means of regenerating the 
hydride which acts as the reducing agent to produce NaBH4. However, the use of tin 
compounds is problematic because of their high toxicity, making handling and disposal 
quite difficult.  
As an alternative, silicon analogues such as triethylsilane can be used in place of tin 
hydrides in some cases [14]. The production of B2H6 from BCl3 has been demonstrated 
using a range of Si-H containing compounds (hydrosilanes), suggesting that they could 
also be used as intermediates in the hydride transfer to boron [15-17]. The addition of CO2 
to a trialkylsilane yielding a formate was reported by Eisenschmid and Eisenberg (1989), 
and their findings suggest the reaction is reversible [18]. This would allow organosilicon 
compounds to be used in place of the tin formate/hydride cycle. For this section, it will be 
assumed that the two compounds (organotin and organosilicon hydrides) are 
interchangeable, and can be generically referred to as an organometallic hydride. 
In the multi-step Millennium Cell processes described above, NaBO2 is first converted 
to a boron alkoxide or halide, followed by reaction with hydrogen to make diborane. If an 
organometallic hydride (represented here as R3MH, where R is an alkyl group and M is 
either silicon or tin) were used as the reducing agent instead of hydrogen, the regeneration 
would proceed as shown below: 
(6.1) O6H)4B(OR'CO2NaOH12R'2CO4NaBO 233222   
(6.2) MOR'12RH2BMH12R)4B(OR' 36233   
(6.3) 2243262 2CONaBO3NaBHCO2NaH2B   
Although the reaction in Equation (6.2) has not been demonstrated experimentally, 
similar reactions in which BCl3 was used instead of B(OR)3 have been reported [15-17], so 
there is reason to believe it is possible. However, the production of diborane as an 
intermediate is undesirable, as it is pyrophoric and therefore presents a number of 
handling difficulties. Moreover, the yield of Equation (6.3) has been reported to be low [19]. 
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A more straightforward route to NaBH4 was presented in the work of Kemmitt and 
Gainsford (2009) [20]. In their study, NaBO2 was first reacted with methanol to produce 
sodium tetramethoxyborate (NaB(OCH3)4), which was obtained in high yield (92-98%). The 
NaB(OCH3)4 was then refluxed in diglyme with NaAlH4, which acted as the hydride source.  
(6.4) O2H)NaB(OCHOH4CHNaBO 24332   
(6.5) 434443 )NaAl(OCHNaBHNaAlH)NaB(OCH   
Like NaBH4, NaAlH4 is very expensive to produce; hence, this in itself is not a cost-
effective solution to NaBH4 regeneration. However, if the second step could be adapted to 
utilise an organometallic hydride instead of NaAlH4, it would provide a simpler and more 
efficient method of regenerating NaBH4 than the Millennium Cell process.  
(6.6) 334343 MOCHRNaBHMHR)NaB(OCH 44   
Furthermore, a high yield from Equation (6.5) was possible at atmospheric pressure 
and 162 oC (the boiling point of diglyme). If the reaction shown in Equation (6.6) can be 
successfully demonstrated, it should allow production of NaBH4 at much milder conditions 
than many of the metal reduction processes described previously (which generally require 
temperatures in excess of 500 oC and hydrogen pressures of up to 7 MPa [5-7]). 
6.2.2 Regeneration of Organometallic Hydride 
The by-product of Equation (6.6) is an organometallic alkoxide, which must then be 
recycled to an organometallic hydride using the formate decarboxylation cycle. Broadly 
speaking, the process can be represented by the simple diagram shown in Figure 6.2: 
Here, the block labelled “NaBH4 Production” represents both the alkoxylation of NaBO2 
and the production of NaBH4 from NaB(OCH3)4. The block labelled “Formate 
Decarboxylation Cycle” will involve several steps: the conversion of the organometallic 
alkoxide to a formate (by addition of formic acid), followed by decarboxylation of the 
formate to yield a hydride. Ideally, it should be possible to recycle methanol from this block 
to the NaBO2 alkoxylation step. 
However, the direct conversion of organometallic alkoxides to formates has not been 
demonstrated in the literature, and seems unlikely given that the reverse reaction appears 
to be heavily favoured [21]. In a previous embodiment of this cycle described by the DOE, 
the organometallic formates have been produced by reaction of the corresponding chloride 
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Figure 6.2: Major process blocks in a hypothetical NaBH4 production process using organometallic hydrides 
with formic acid, as shown in Figure 6.3 [22]. It would therefore be necessary to first 
convert the alkoxide into a chloride, a reaction which has been demonstrated by several 
studies using concentrated aqueous (35%) or gaseous HCl [23,24].  
(6.7) OHCHMClRHClMOCHR 3333   
 
Figure 6.3: Tributyltin formate decarboxylation cycle used to produce diborane [22] 
NaBO2 NaBH4 
CH3OH R3MH R3MOCH3 
CO2 HCOOH 
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This reaction also generates methanol, which can be recycled for NaBO2 alkoxylation 
as discussed above. Hence, converting the alkoxide into a chloride, followed by addition of 
formic acid to produce the formate, will close the organometallic recycle loop. 
It can be seen in Figure 6.3 that, in addition to formic acid, triethylamine (which acts as 
a HCl scavenger) must be added to produce the triorganotin formate. Similarly, in the 
production of organosilicon formates from the corresponding chlorides, formic acid must 
be added in the presence of a base such as pyridine (C5H5N) to achieve a high yield, as 
shown in Equation (6.8) [25]. In each of these cases, the corresponding amine 
hydrochloride is generated as a by-product. The drawback to this method is that NaOH 
must be added in order to regenerate the amine from the hydrochloride, hence neutralising 
(rather than recycling) the HCl, and producing NaCl as shown in Equation (6.9). This 
process would therefore require continuous production of HCl and NaOH from the NaCl in 
order to complete the cycle, incurring additional cost.  
(6.8) HClNHCMOC(O)HRNHCHCOOHMClR 553553   
(6.9) OHNaClNHCNaOHHClNHC 25555   
However, a process described in US Patent 4,028,391 suggests that it may be 
possible to regenerate the formate without the use of HCl scavengers, by adding formic 
acid to the organometallic chlorides in refluxing pentane solvent [26]. This simplifies the 
reaction, as shown in Equation (6.10), and enables the evolved HCl able to be recycled to 
regenerate the organometallic chloride. This would be a more economical alternative. 
(6.10) HClMOC(O)HRHCOOHMClR 33   
6.2.3 Block Flow Diagram 
In summary, the relevant reactions needed to complete this process are listed in Table 6.1, 
along with references to prior studies in which they have been demonstrated. The key 
untested reaction is the production of NaBH4 from NaB(OCH3)4 using an organometallic 
hydride; therefore, this will be the focus of the experimental work in this chapter. 
This process design assumes that NaBO2 will be available as an input material, 
through recycling of the “spent fuel” from NaBH4-based hydrogen storage systems. 
However, there will be situations where this is not the case; for example, during the initial 
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Table 6.1: Reactions in the organometallic hydride process and demonstrated yields 
Reaction Known 
Yield (%) 
Notes Ref. 
O2H)NaB(OCHOH4CHNaBO 24332   98  [20]
OHCHMClRHClMOCHR 3333   99  [23,24]
HClMOC(O)HRHCOOHMClR 33   86 Yield 
known for 
Si only 
[26]
233 COMHRMOC(O)HR   60 Yield 
known for 
Sn only 
[10]
433433 NaBHMOCHR)NaB(OCH4
1MHR
4
1 N/A Untested N/A
stage of NaBH4 production and utilisation before a recycling system is in place, or if the 
process is operating as a stand-alone plant to provide NaBH4 for the chemical and 
pharmaceutical industries.  
In such cases, an additional reaction step would be necessary to prepare NaBO2 from 
borax (Na2B4O7), which is the naturally occurring mineral currently used as the boron 
source in NaBH4 synthesis. NaBO2 can be synthesised by dehydrating an aqueous 
solution of Na2B4O7 and NaOH, such that the Na:B ratio of the resulting product is 1:1 
[27,28]. Hence, NaOH is an additional input required when borax is used instead of 
NaBO2. 
(6.11) Ox)H(14NaBOOxH2NaOHOBNa 222742   
An expanded block flow diagram of the proposed process is shown in Figure 6.4. This 
builds on the schematic shown in Figure 6.2, except that each of the blocks now 
represents one of the reaction steps in the process. The process can be divided into three 
main segments, represented by the dotted lines: feed preparation (green), NaBH4 
regeneration (red), and organometallic hydride recycling (blue). Note that the feed 
preparation step may be omitted if recycled NaBO2 is used.
  
 
Figure 6.4: Hypothetical process for NaBH4 regeneration using organometallic hydrides 
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6.3 Experimental 
6.3.1 Synthesis of NaBH4 
To demonstrate the theoretical reaction shown in Equation (6.6), triethylsilane was 
selected as the organometallic hydride, due to its relatively low toxicity compared to 
organotin compounds. Kemmitt and Gainsford prepared NaB(OCH3)4 by dissolving NaBO2 
in methanol and dehydrating the solution with molecular sieves [20]. However, for the sake 
of simplicity in this experiment, NaB(OCH3)4 was prepared by methanolysis of NaBH4 
(Sigma Aldrich), from which a near quantitative yield was obtained. The reaction was 
carried out by refluxing NaB(OCH3)4 and triethylsilane in diethylene glycol dimethyl ether 
(diglyme), followed by removal of the solvent. 
In a typical experiment, 1 g of NaB(OCH3)4 (0.0063 mol) was dispersed in 25 mL 
diglyme (Sigma Aldrich),along with 4 mL triethylsilane (Sigma Aldrich) (0.0250 mol, 
approximately 4 times the molar equivalent of NaB(OCH3)4). The solution was then heated 
to boiling point under a nitrogen atmosphere, and refluxed for 8 hours. The NaB(OCH3)4 
was not soluble in the diglyme at room temperature, but appeared to dissolve at around 
130 oC as the solution was heated. After cooling the solution, it was noted that the 
NaB(OCH3)4 did not re-precipitate, suggesting that reaction had occurred. 
The diglyme was removed under reduced pressure, leaving behind a viscous yellowish 
liquid residue, which could not be evaporated any further. The residue was dried in a 
vacuum oven at 150 oC overnight, yielding a white powder. As an alternative method of 
extracting the NaBH4, the yellowish residue was dissolved in 10 mL of 5 wt% NaOH 
solution, which was then stirred with 10 mL of toluene. The aqueous layer containing 
NaBH4 was then separated from the organic layer. For both methods of extraction, the 
experiment was repeated using 6 mL (0.0376 mol) and 8 mL (0.0501 mol) triethylsilane, to 
test the effect of excess hydride on the reaction yield. 
To test for the presence of NaBH4, the powder was dissolved in 10 mL of 5 wt% NaOH 
solution, and a Co-B catalyst supported on Ni foam (prepared using the method described 
in Chapter 3) was immersed. The evolution of hydrogen upon immersion of the catalyst 
suggested that NaBH4 was successfully produced by the reaction. To quantify the yield of 
NaBH4, the hydrogen generated was measured using a Beijing Sevenstar D07-8CM 
electronic gas flow meter. 
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Also, an experiment was carried out using 10 mL (0.0371 mol) of tributyltin hydride, to 
test if it could be used in place of triethylsilane for this reaction. The same quantities of 
NaB(OCH3)4 and diglyme as in previous experiments were used. During reflux, the 
solution appeared to turn a fluorescent yellowish-green colour, but reverted to a pale and 
cloudy appearance as the solution was cooled and the NaB(OCH3)4 appeared to re-
precipitate. Afterwards, rotary evaporation was used to remove the diglyme; however, the 
tributyltin hydride could not be evaporated because of its high boiling point, even under 
vacuum. As such, the liquid-liquid extraction method was used to separate any NaBH4 
from the organometallic reagents. 
6.3.2 Characterisation of Reaction Products 
Solid state 11B NMR spectroscopy was carried out on the vacuum-dried powder samples 
using a Bruker Avance III spectrometer with a 7T superconducting magnet, operating at 
96.251 MHz. Samples were placed into 4mm Zirconia rotors with Kel-F caps and rotated at 
the magic angle (57.4°) with 9 KHz frequency. Spectra were obtained with a single 90° 
excitation pulse followed by high-power proton decoupling utilising tppm15 scheme. For 
each spectrum 4K data points were collected over frequency range of 50 KHz; acquisition 
time was 41 ms. Recycling time between scans was 10 s, verified to be sufficient for full 
relaxation; between 10 and 100 scans were collected in each case. Commercial NaBH4 
(Sigma Aldrich), NaB(OCH3)4 (prepared as described above), and anhydrous NaBO2 
(prepared by dehydrating the product of the experiments in Chapter 5) were analysed as 
reference materials. 
Changes in the silicon-based reagents were examined by 1H and 29Si NMR 
spectroscopy in the liquid phase. A small amount of triethylsilane (13-15% by volume in 
diglyme) was taken for analysis before adding NaB(OCH3)4 in a stoichiometrically 
equivalent quantity (i.e. no excess triethylsilane was used). After refluxing, a second 
sample was taken to observe the products of the reaction. All high resolution NMR spectra 
were obtained on a Bruker Avance 500 NMR spectrometer operating at 500.13 MHz and 
99.36 MHz for 1H and 29Si respectively, using a 5mm broadband probe equipped with a z-
gradient and with the sample temperature at 25 oC. Deuterium lock was achieved using a 
1.7 mm O.D. coaxial capillary containing acetone-d6 for all spectra except for the two-
dimensional 1H, 29Si-HMBC spectrum which was acquired without lock.   The spectra were 
referenced externally to a sample of TMS in diglyme at 0 ppm for both 1H and 29Si. 
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For the 29Si spectra, 16 scans were accumulated over a spectral width of 16026 Hz 
using 64K data points and a 90o pulse width.  An inverse-gated decoupling sequence and 
a relaxation delay between scans of 160 s were used to suppress the negative nuclear 
Overhauser enhancement and to allow full relaxation between scans.  The data were zero-
filled to 128K points before Fourier transformation to give a digital resolution of 0.25 Hz. 
The relative intensities of the triethylsilane and triethylmethoxysilane peaks were used to 
calculate the proportions of each component in the sample. 1H spectra were obtained 
using 8 scans, a 30o pulse width, a spectral width of 8224 Hz and 64K data points.  Zero-
filling to 128K points resulted in a final digital resolution of 0.12 Hz. 
The gradient–selected 1H, 29Si-HMBC spectrum, phase-sensitive in the indirect 29Si 
dimension [29] was acquired over spectral widths of 4504 Hz and 3975 Hz for 1H and 29Si 
respectively, with the long-range coupling optimised for 8 Hz. 8 scans using 4096 data 
points for each of the 128 increments were acquired with a recycle time of 2.3 s. The 
matrix was multiplied by a π/2- shifted sine-bell squared function in both dimensions and 
zero-filled to give resolutions after transformation of 1.1 Hz and 31 Hz for 1H and 29Si 
respectively. 
X-ray diffraction (XRD) patterns of the vacuum-dried powders, as well as the reference 
materials (NaBH4, NaB(OCH3)4 and NaBO2) were obtained using a Rigaku Miniflex X-ray 
diffractometer. A scan rate of 2o/min was used for all samples. Surface X-ray 
photoelectron spectroscopy (XPS) of the vacuum-dried product and reference materials 
was carried out using a Kratos Axis ULTRA X-ray Photoelectron Spectrometer 
incorporating a 165mm hemispherical electron energy analyser. High resolution scans 
were taken in the region where B 1s peaks are generally observed (180-200 eV). 
Instrument parameters used were identical to those described in Section 3.2.2. 
6.4 Results 
6.4.1 Reaction Yield Analysis 
By measuring the volume of hydrogen evolved by the catalyst, the yield of NaBH4 could be 
calculated. Figure 6.5 shows the quantitative results for a series of experiments using 
varying amounts of triethylsilane, and with the two different extraction methods described 
in Section 6.3.1. When vacuum drying at 150 oC was used, less than 5% of the theoretical 
NaBH4 yield was obtained, although this was found to increase to 22.9% the excess 
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triethylsilane was increased from 0% to 100%. This suggests that either the conversion to 
NaBH4 was low, or a large amount of NaBH4 was lost in the extraction process.  
Significant improvements were noted when the liquid-liquid extraction method was 
used. A yield of 18.7% was obtained when the stoichiometric equivalent of triethylsilane 
was used, and 44.4% when triethylsilane was in 100% excess. It is clear from these 
results that the drying of the liquid residues resulted in major losses of product NaBH4, 
possibly through decomposition or oxidation at high temperatures. 
 
Figure 6.5. Quantitative NaBH4 yield analysis using different extraction methods and reactant ratios 
When tributyltin hydride was used in place of triethylsilane, no hydrogen was 
generated upon immersion of the catalyst, suggesting that the synthesis of NaBH4 was 
unsuccessful. This is further indicated by the fact that the NaB(OCH3)4 appeared to re-
precipitate as the refluxed solution was cooled to room temperature, which was not 
observed when triethylsilane was used instead. 
6.4.2 Product Characterisation 
Figure 6.6 shows the XRD pattern of NaBH4 obtained from Sigma Aldrich compared to that 
of the product material (isolated by drying under vacuum at 150 oC). It can be seen that, 
while the product is less crystalline, the major peaks are still visible and align well with 
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those of pure NaBH4. This is consistent with the quantitative analysis above in that it 
shows the presence of NaBH4 in the product, although the yield appears to be low, with a 
large amount of amorphous material also present. 
 
Figure 6.6: XRD patterns of the reference materials (a), and reaction product (b) 
11B NMR results for the reference materials (NaBO2, NaB(OCH3)4 and NaBH4) and the 
product material (with 0%, 50% and 100% excess triethylsilane) are shown in Figure 6.7. 
The appearance of a new peak at -41.6 ppm was reported by Kemmitt and Gainsford as 
evidence of NaBH4 formation [20], and similarly can be observed in these results. When 
no excess triethylsilane is used, the peak at 3.0 ppm corresponding to NaB(OCH3)4 
decreases in magnitude following the reaction, but does not disappear completely. This 
suggests that the reaction has not proceeded to completion, which is consistent with the 
yield results reported above. The product also seems to contain a new peak at 1.7 ppm, 
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which aligns with that of anhydrous NaBO2, suggesting that there has been some 
oxidation and/or hydrolysis of the NaBH4 product.  
When excess triethylsilane is used, the peak corresponding to NaB(OCH3)4 
disappears, leaving only the NaBH4 and NaBO2 peaks. This would seem to indicate that 
the conversion of NaB(OCH3)4 to NaBH4 is complete, and that the less than quantitative 
yields reported in Section 6.4.1 were due to the oxidation of NaBH4 to NaBO2 during the 
extraction process. 
 
Figure 6.7: Solid state 11B NMR spectra of reference materials (a), and the reaction product materials (b) 
XPS spectra of the reaction product, along with those of NaBO2, NaB(OCH3)4 and 
NaBH4 are shown in Figure 6.8. The peak at 192 eV is characteristic of B-O compounds, 
while for B-H compounds the peak is located at 188 eV. It can be seen that the reaction 
product shows a predominant peak at 192 eV, while only a very small peak is observed at 
188 eV, shown in Figure 6.8(b). This suggests that the surface of the product has been 
heavily oxidised, which is consistent with the NMR results shown above. The oxidation 
may have happened while the sample was being dried in the vacuum oven at 150 oC, 
since there may have still been some oxygen present inside the vacuum oven, and 
diglyme is known to form peroxides in air. The liquid-liquid extraction method avoids this 
step and thus improves the yield of NaBH4, as shown in Section 6.4.1. 
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Figure 6.8: XPS spectra of the reaction product and reference materials (B 1s region) (a), zoomed-in view of 
product XPS spectrum (b) 
Figure 6.9 shows the 29Si NMR spectra for the starting and product solutions, when no 
excess triethylsilane is used. Initially, only one peak can be observed, corresponding to 
triethylsilane (0.6 ppm). After reaction, a new peak can be observed at 19.2 ppm, with 
slightly greater intensity than the triethylsilane peak. This peak can likely be assigned to 
triethylmethoxysilane, suggesting that this is the main product of the reaction. However, 
the presence of the triethylsilane peak in the product further indicates that the reaction did 
not proceed to completion. 
 
Figure 6.9: 29Si NMR spectra of triethylsilane in diglyme and the product solution after refluxing 
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The 1H NMR spectra of triethylsilane in diglyme and the reaction product solution are 
shown in Figure 6.10. The triplet at 0.97 ppm is attributed to the CH3 of the ethyl groups. 
The peaks of the ethyl group CH2 quartet at 0.59 ppm are further split by a small coupling 
(3.1 Hz) to the hydride proton which appears as a low intensity multiplet (septet) at 3.65 
ppm.  It can be seen that, following the reaction, a new set of peaks with slightly different 
chemical shifts appears for the ethyl groups. Since the new CH2 resonance is a quartet 
without the additional small coupling, the product of the reaction is not a hydride. The 
peaks in the range of 3.0-3.6 ppm can be assigned to the methoxy and ethoxy groups of 
the diglyme solvent, which do not participate in the reaction. However, the appearance of a 
new singlet peak at 3.39 ppm following the reaction suggests the presence of a new 
methoxy (O-CH3) group. 
 
Figure 6.10: 1H NMR spectra of triethylsilane in diglyme and the product solution at 0.40-1.10 ppm (a), and 
3.10-3.50 ppm (b) 
The two-dimensional 1H, 29Si-HMBC spectrum was used to identify the long-range 
couplings between the hydrogen and silicon atoms. As seen in Figure 6.11, the multiplets 
assigned to the CH2 (0.59 ppm) and CH3 (0.97 ppm) groups show correlations to the 
silicon peak at 19.2 ppm, which is consistent with their previous identification as the ethyl 
group. Similarly, the new 1H singlet peak at 3.39 ppm also shows a long-range correlation 
to the new 29Si peak at 19.2 ppm, further suggesting that triethylmethoxysilane is the main 
product of the reaction. 
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Figure 6.11: 1H-29Si HMBC NMR spectrum of the product solution, showing protons coupled with the 
triethylmethoxysilane silicon peak 
Combining these two sets of NMR results suggests that the reaction which took place 
was a hydride/methoxy exchange between the boron and the silicon, analogous to that 
which was demonstrated by Kemmitt and Gainsford [20]. This is the first time that this 
method of NaBH4 production has been reported. 
(6.12) 334343 SiOCH4EtNaBHSiH4Et)NaB(OCH   
When used in tandem with the formate decarboxylation cycle, to regenerate the 
organometallic hydride using only formic acid and thermal energy as inputs, this reaction 
could provide a novel and inexpensive means of regenerating NaBH4 from its spent fuel 
byproduct. 
6.5 Discussion 
Based on the relative heights of the two peaks in the 29Si NMR spectrum, it would appear 
that the conversion of triethylsilane to triethylmethoxysilane was approximately 55%, and 
therefore a similar yield of NaBH4 would be expected when no excess triethylsilane is 
used. However, the actual yield obtained with the same reactant ratio (no excess 
triethylsilane) is less than 5% after the product has been dried under vacuum at 150 oC. 
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XPS and NMR results indicate that some oxidation of the NaBH4 product had most likely 
taken place during the drying process.  
However, this cannot explain all of the losses, as the peak areas in the 11B NMR 
spectrum indicate that 60% of the boron in the dried product exists as NaBH4, with NaBO2 
and unreacted NaB(OCH3)4 comprising only around 20% each (or even less when excess 
triethylsilane is used). It is possible that decomposition of the NaBH4 yielding gaseous 
diborane (B2H6) may have also occurred during the drying process; this would explain the 
lower yield than was expected for the observed degree of oxidation. Although NaBH4 
generally does not decompose below 500 oC at atmospheric pressure, the vacuum may 
have lowered the decomposition temperature. 
The yield of NaBH4 was improved substantially when the liquid-liquid extraction 
process was used instead of vacuum drying. However, the yield with the same reactant 
ratio only around 20%, still much less than the 50% expected based on the 29Si NMR 
results. This indicates that significant losses of NaBH4 are still occurring in the extraction 
process, the reasons for which are not clear from the results presented. 
One possibility is that the reaction shown in Equation (6.12) is actually an equilibrium 
reaction. This is consistent with the roughly equal quantities of triethylsilane and 
triethylmethoxysilane in the product solution, as well as the increasing yield obtained when 
excess triethylsilane is used. Since triethylsilane has a lower boiling point than 
triethylmethoxysilane, it would boil off first during the rotary evaporation process, which 
may have forced the equilibrium back towards the reactants' side of the equation. A non-
evaporative method of separating the NaBH4 from the diglyme solvent would help to 
address this problem. 
A known method of extracting nearly pure NaBH4 from diglyme solution is to cool a 
solution to 0 oC or below, which causes the NaBH4 to crystallise in the form of a NaBH4-
diglyme complex. The crystals can then be filtered and dried under vacuum at 60 oC to 
remove the diglyme, yielding nearly pure (99.7%) NaBH4 [30]. This method was attempted 
in the present work by placing the product solution (after refluxing) in a freezer at -18 oC; 
however, no precipitation was observed even after several hours.  
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One reason for this could be that the NaBH4 concentration in the product solution is 
still below the solubility limit in diglyme at this temperature, or possibly that the presence of 
triethylsilane and/or triethylmethoxysilane has increased its solubility. Further experimental 
work will be needed to improve the extraction phase of this process so as to maximise the 
obtainable yield with minimal excess triethylsilane. 
Although the use of triethylsilane was successful, tributyltin hydride proved ineffective 
for regenerating NaBH4 from NaB(OCH3)4. This is somewhat surprising, given that 
previous studies have found triethyltin hydride to be a stronger reducing agent than 
triethylsilane [31,32]. The lower activity in this case could possibly be due to the steric 
hindrance of the larger alkyl groups of tributyltin hydride compared with those of 
triethylsilane. Further research will be required to determine whether other organotin 
compounds with smaller alkyl groups can be used in this method of NaBH4 regeneration 
(or whether tributyltin hydride may be effective under different conditions). 
Ideally, organosilicon compounds would be used for regeneration of NaBH4 due to 
their lower toxicity; however, the method of regenerating the organometallic hydride 
(through decarboxylation of the corresponding formate) has not been explicitly studied for 
organosilicon compounds. As stated previously, Eisenschmid and Eisenberg (1989) found 
that it was possible to add CO2 to an organosilicon hydride (namely, trimethylsilane, 
Me3SiH) in the presence of an iridium-based catalyst complex, yielding an organosilicon 
formate [18]. Through isotopic 13C labelling and NMR analysis, they found that this addition 
was reversible, suggesting that a silicon formate decarboxylation step could be used to 
regenerate the silicon hydride, analogous to the tin formate cycle depicted in Figure 6.1. 
 (6.13) SiOC(O)HMeCOSiHMe 323   
More recently, the CO2 addition reaction has been studied by other groups, with 
ruthenium-based compounds also being shown to act as catalysts [33-35]. However, the 
decarboxylation reaction has not been specifically studied in any published research to 
date. As such, important details such as reaction conditions, catalytic rates, conversion, 
and selectivity are still not known. Hence, this remains an important reaction to be 
examined in future research, in order to close the organosilane “recycle loop” and create a 
viable low-cost method of NaBH4 regeneration. 
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6.6 Process Analysis 
6.6.1 Comparison of Schlesinger and Organometallic Processes 
The new organosilane-based process offers scope for huge cost reduction relative to the 
Schlesinger process, due to the less expensive input materials required. In order to 
compare the two, a mass and energy balance was carried out on both processes, 
quantifying the key material flows and energy demands. The structure of the organosilicon-
based process has already been outlined in Figure 6.4; a basic flow diagram for the 
Schlesinger process is shown in Figure 6.12. 
 
Figure 6.12: Schlesinger process for NaBH4 production [2] 
As stated previously, the production of NaH involves electrolysis of molten NaCl to 
produce sodium metal, which is then reacted with hydrogen. The other material inputs into 
the process are borax, water, and sulphuric acid, which are used to make trimethyl borate 
as shown below: 
(6.14) 4233242742 SONa4
1BOHOH
4
5SOH
4
1OBNa
4
1   
(6.15) O3H)B(OCHOH3CHBOH 233333   
Following the reaction between sodium hydride and trimethyl borate to give NaBH4, 
methanol is regenerated by adding water to the sodium methoxide by-product, which also 
produces NaOH. 
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(6.16) 3433 3NaOCHNaBH)B(OCH4NaH   
(6.17) OH3CH3NaOHO3HNaOCH 323 3  
The overall reaction, excluding intermediates, can be represented as: 
(6.18) 424242742 SONa4
13NaOHNaBHOH
4
5SOH
4
14NaHOBNa
4
1   
To accurately estimate the cost at which NaBH4 can be produced using a given 
process, the raw materials, utility costs, and capital depreciation would all need to be 
considered. As the organosilane process is still in its infancy stage, and not all reactions 
are fully optimised, such a detailed analysis is not yet possible. However, a rough low-end 
estimate can be made by taking the value of the inputs and subtracting the sale value of 
any by-products, to determine the cost at which the NaBH4 would need to be sold to break 
even. This would serve as a useful basis on which to compare the two processes. Detailed 
results are shown in the Appendix, with the key points of comparison (in terms of mass, 
energy, and economic potential) summarised in Table 6.2. 
(It should be noted that, for the economic analysis, it was assumed that borax and 
NaOH are used as inputs instead of recycled NaBO2. It was also assumed that NaH is a 
purchasable input material, since the sodium used for producing NaH is generally obtained 
from an off-site supplier.) 
In terms of inputs and outputs, the new system is much simpler than the Schlesinger 
process, which generates a significant amount of by-products (NaOH, Na2SO4, Cl2) that 
must be sold or disposed of. Besides NaBH4, the only by-products of the organosilane 
process are CO2 and water. Furthermore, only two major input streams are required: 
formic acid; and recycled NaBO2 (the latter of which may be substituted by a mixture of 
Na2B4O7 and NaOH). However, there are more internal recycle loops for the organosilane 
process (triethylsilane, methanol and HCl) than for the Schlesinger process. Methanol and 
HCl are widely available commodity chemicals, so gradual losses in their recycling could 
be replenished at minimal expense. In contrast, triethylsilane is expensive to produce from 
its raw materials, as it is made from silane (SiH4), a highly flammable and pyrophoric gas 
which costs $80-120 per kg. 
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Table 6.2: Comparison of Schlesinger and organosilane processes 
Parameter Schlesinger Process Organometallic 
Hydride Process 
Mass Balance   
Input materials Na2B4O7, H2SO4, H2O, 
Na, H2 
NaBO2 (or Na2B4O7 + 
NaOH), HCOOH 
By-products NaOH, Na2SO4, Cl2 
(from upstream NaCl 
electrolysis) 
CO2, H2O 
Internal recycles CH3OH HCl, CH3OH, R3SiH 
Energy Balance 
Major energy-consuming steps NaCl electrolysis to 
produce Na 
Formate production 
and decarboxylation 
Form of energy required Electrical Thermal (<200 oC) 
Theoretical energy demand 
(MJ/kg NaBH4) 
43.5 11.5 
Actual energy demand (MJ/kg 
NaBH4) 
105.1 Unknown 
Energy lost through 
exothermic reactions (MJ/kg 
NaBH4) 
12.8 2.5 
Economic Potential 
Input costs ($/kg NaBH4) 34.98 4.40 
By-product credits ($/kg 
NaBH4) 
1.57 N/A 
Net (input – output) ($/kg 
NaBH4) 
33.41 4.40 
Alternatively, it may be possible to use polymethylhydrosiloxane (PMHS) as the 
hydride source; this is a polymeric silicon hydride which is readily available at a much 
lower price ($7-10/kg) [36]. However, further experimentation will be required to determine 
whether it can be recycled within the process similarly to triethylsilane. The economics of 
this process will likely depend on the ability to recycle the organosilane within the system 
efficiently and with minimal losses, similarly to how anthraquinone is recycled within the 
process for manufacturing hydrogen peroxide.  
It can be seen that a substantial amount of energy (12.8 MJ per kg NaBH4) is lost 
through the exothermic heats of reaction in the Schlesinger process. This is considered to 
be wasted energy, as it does not contribute to the chemical energy stored in the final 
product [2]. The total exothermic heat of reaction from the organosilane process was found 
to be 2.5 MJ per kg of NaBH4 produced; a five-fold decrease relative to the Schlesinger 
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process. This indicates that this new process is much more energy efficient, with less 
chemical energy being wasted as heat.  
By far the most energy-intensive step of the Schlesinger process is the production of 
metallic sodium by electrolysis of molten NaCl. The theoretical energy required for this 
process is 43.5 MJ/kg NaBH4; however, the actual electricity demand is significantly higher 
than this value, due to the large amount of energy lost as heat. One source estimates the 
combined electrical energy demand for the whole process at 11.5-12.0 kWh/kg Na, which 
equates to 105.1 MJ/kg NaBH4 [1].  
In contrast, the total endothermic input required for the reactions in the organosilane 
process is 11.5 MJ per kg NaBH4. This is split roughly evenly between the production of 
the organosilicon formate and its subsequent decarboxylation; combined, their energy 
demand is nearly four times lower than that of the Schlesinger process. Given the new and 
relatively untested nature of the organosilane process, its inefficiencies and losses cannot 
yet be estimated accurately; however, it would be expected that they would be lower than 
for the Schlesinger process, as the operating temperatures for the aforementioned 
reactions are much milder (<200 oC) than for the electrolysis of NaCl (~600 oC).  
It should also be remembered that the production of metallic sodium requires electrical 
energy, whereas the reactions in the new process can be driven by thermal energy. The 
new process could therefore circumvent the losses associated with heat engines in 
electricity generation, providing further energy savings. Hence, the new process is likely to 
be more energy efficient than the Schlesinger process by an order of magnitude or more. It 
also provides scope for utilising solar thermal energy by means of the low-cost 
concentrator dish developed by industry partners Control Technologies International, Pty. 
Ltd. 
The largest determinant of the price of NaBH4 is sodium hydride, contributing 
$34.36/kg – more than half of the final market price of $55/kg [4]. Although some additional 
revenue can be obtained from selling the by-product materials, this does little to offset the 
cost of NaH. Combining all of the inputs and outputs gives a cost estimate of $33.41/kg. It 
should be noted that part of the reason for this high cost is that some of the intermediate 
compounds are purchased from outside producers. Integrating the various process steps 
may provide scope for cost reduction without changing the underlying chemistry [2]. 
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For the organosilane process, the raw materials’ costs are estimated to contribute only 
$4.40/kg to the price of NaBH4. This is an order of magnitude reduction relative to the 
current NaBH4 cost, and thus a huge improvement over the Schlesinger process. At this 
price, the equivalent cost of delivered hydrogen is about $21/gge. Unfortunately, this is still 
an order of magnitude higher than the DOE’s target range of $2-4/gge, and the actual cost 
will certainly be higher once capital and utility costs are factored in.  
6.6.2 Scope for Improvement 
Some reduction in cost may be possible by recycling NaBO2, thereby reducing the amount 
of borax and NaOH which must be purchased. However, formic acid still represents more 
than 80% of the raw material costs; to achieve further reductions in NaBH4 cost, it would 
be necessary to obtain formic acid at a lower price. 
Formic acid is produced primarily by the hydrolysis of methyl formate, a process with 
many disadvantages in terms of yield and energy efficiency [37]. Hence, it is more 
expensive than analogous compounds such as methanol and formaldehyde. However, 
there are other routes to formic acid which are potentially less expensive. The partial 
oxidation of formaldehyde to formic acid has been demonstrated, using a heterogeneous 
V2O5-TiO2 catalyst, and a pilot plant has been commissioned [38], suggesting that this 
process may replace current plants in the near future. The price of formaldehyde closely 
tracks that of methanol, which is around $0.46/kg [39]; based solely on this value, a formic 
acid price of about $0.30/kg would be expected, less than half of its current price. This 
would translate into a price contribution of $6.90/gge (not including the cost of borax and 
NaOH), which is a significant improvement, but still well outside the target range. 
The production of formic acid by catalytic hydrogenation of carbon dioxide, shown in 
Equation (6.19) has been studied for several years [13]. However, supercritical pressures 
are generally required for high reaction rates, reducing the practical feasibility of the 
system [40].  
(6.19) HCOOHCOH 22   
If this technology were to become viable, the waste stream of CO2 could be used to 
regenerate the formic acid. CO2 would then become another recycle loop in the process, 
with hydrogen now the key input along with NaBO2. The input costs would essentially then 
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be the cost of producing hydrogen itself, which may fall within or below the target range of 
$2-4/gge depending on the method of production.  
One analysis suggests that using steam methane reforming (SMR), currently the most 
economical method of hydrogen production, and assuming a natural gas price of $4/GJ 
(the approximate US price at the time of writing [41]) will give a hydrogen cost of around 
$1.30/gge. The price of hydrogen from biomass reforming and other renewable sources is 
significantly higher, but may fall to a similar level in 10-20 years [42].  
Under this "best case" scenario, the sum of all other costs associated with the process 
(including NaBO2 recycling/production, energy input, replenishing recyclable 
intermediates, and annualised capital expenditure) could add no more than $2.70/gge to 
the equivalent hydrogen cost, or $0.57/kg to the price of NaBH4. While a detailed analysis 
of these costs is beyond the scope of this work, the cost of making NaBO2 from its raw 
materials already accounts for $0.90/kg NaBH4, as shown in Appendix C. Therefore, it is 
highly unlikely that this figure will be achievable without efficient recycling of NaBO2 from 
end users, and high yield regeneration of the other intermediate reagents in the process. 
It is clear that this method of producing NaBH4 will not satisfy the DOE's cost 
requirements without further technological advances, including catalytic CO2 
hydrogenation, improved hydrogen production from renewable sources, and high yield 
recycling of the reaction intermediates described in Section 6.2. Even with these 
developments, it may not be possible to reach the target of $2-4/gge with this process. A 
different process configuration, which uses low-cost hydrocarbon fuels (e.g. methane) 
directly, with fewer and less expensive recyclable intermediates, may offer further potential 
for cost reduction. Given the thermodynamic limitations described in Section 6.1, designing 
such a process will be extremely challenging. 
Nevertheless, the organosilane process described in this chapter can produce NaBH4 
at a much lower cost than the Schlesinger process, and would therefore be useful as a 
stand-alone process to service existing markets (globally, around 3000 tonnes are 
consumed per year [4]). It could also enable NaBH4 to be used as a hydrogen storage 
material in other portable applications besides automobiles, particularly those where its 
safety and operability benefits outweigh its additional cost. 
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6.7 Conclusions 
A process for regenerating NaBH4 from NaBO2, using recyclable organometallic hydrides, 
has been demonstrated for the first time. The NaBO2 was first methoxylated and then 
refluxed in diglyme with triethylsilane. Characterisation of the reaction products showed 
that a hydride/methoxy exchange reaction had taken place between the boron and silicon 
atoms. Although the reaction yield was found to be quite low (5-20%, depending on the 
extraction method), increased conversion was achieved by using excess triethylsilane. 
Further improvements in yield are likely possible by improving the process for extracting 
NaBH4, which will be the subject of future work. 
This reaction opens up new possibilities for the production of NaBH4. The 
organometallic hydride can be recycled by addition of formic acid, followed by thermal 
decarboxylation of the resulting formate. The key advantage to this process is using formic 
acid as an alternative to sodium hydride, which could enable cost reductions of an order of 
magnitude relative to current NaBH4 prices. The process is also much more energetically 
efficient than the Schlesinger process, only requiring modest amounts of thermal energy at 
relatively low temperature (<200 oC), and circumventing the huge energy losses 
associated with the electrolytic production of metallic sodium. 
However, the projected cost for NaBH4 based on this process is still an order of 
magnitude higher than the DOE’s target of $2-4/gge. Further reductions in cost may be 
achieved by using alternative technologies for producing formic acid, such as 
formaldehyde oxidation or hydrogenation of CO2. The latter provides scope for utilising the 
CO2 waste stream from the formate decarboxylation step, with hydrogen as the key input. 
Although the cost may still be too high to meet the DOE target, the process would still be 
ideal for producing NaBH4 to meet the demands of current markets. 
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Chapter 7: Conclusions 
 
7.1 Contributions to Knowledge 
This research has contributed a range of novel advancements to the understanding and 
potential for utilisation of NaBH4 as a hydrogen storage material. The first of these is a new 
low temperature (<5 oC) electroless plating method for preparing supported Co-B 
catalysts, which can be used for controlled NaBH4 hydrolysis. This method can achieve 
the desired loading in a single plating step, with 33% less solution required, and minimal 
catalyst wastage. Catalysts produced by this method exhibit significantly higher NaBH4 
hydrolysis activity than those prepared by conventional, multi-step methods. A maximum 
activity of over 24000 mL/min/g was observed at 30 oC and 15 wt% NaBH4, which is 
among the highest values for supported non-noble catalysts reported in the literature. The 
cyclic stability of these catalysts was evaluated over multiple usage and deactivation 
cycles (during which they were exposed to highly alkaline solution for several hours). It 
was found that, when operated at 40 oC or higher, the catalysts could regain at least 80-
90% of their initial activity even after 10 cycles. These stability results also compare 
favourably to similar catalysts reported in previous studies. 
The second major development is a new reactor design for a NaBH4-based hydrogen 
storage system. The new design is a fed-batch configuration in which solid NaBH4 is fed 
gradually to alkaline solution as it is needed, which prevents the NaBH4 concentration at 
any given time from being too high. The catalytic NaBH4 hydrolysis occurs in a high-
temperature zone of the reactor, where the temperature is maintained by the exothermic 
heat of reaction. Precipitation of the by-product NaBO2 occurs simultaneously in a 
separate, low-temperature zone, which prevents the catalyst from being blocked or 
damaged by the crystals. Hence, this configuration enables a higher GHSC to be achieved 
than with conventional designs, which utilise a pre-mixed solution of highly concentrated 
NaBH4. A prototype 2.0 L-scale reactor was constructed based on the new design, and 
tested to simulate the maximum achievable GHSC. On a reactants-only basis, a GHSC of 
4.10 wt% was attained; when the test was repeated to include simulated water recycling 
from the fuel cell, this was increased to 4.71 wt%.
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The third, and possibly the most significant contribution is the demonstration of a new 
reaction for regenerating NaBH4 from NaBO2. The NaBO2 is first alkoxylated to give 
sodium tetramethoxyborate (NaB(OCH3)4), and then reacted with an organosilicon hydride 
(e.g. triethylsilane) in diglyme solution. The products of the reaction are NaBH4 and the 
corresponding organosilicon methoxide. The organosilicon hydride can be regenerated in 
subsequent process steps; if all intermediates are recycled, only formic acid is required as 
an input. The relatively inexpensive nature of formic acid (compared with sodium hydride, 
used in current processes) will allow cost reductions of up to an order of magnitude from 
their present levels. This process can be combined with the previous two technologies (the 
catalyst and the reactor) to create a system for production, storage, and utilisation of 
NaBH4 for improved hydrogen storage. Alternatively, the process may be used 
independently to manufacture NaBH4 from raw materials for existing chemical markets. 
In summary, the original contributions to the knowledge base in this field are: 
 A new electroless plating method for preparing Co-B catalysts for controlled NaBH4 
hydrolysis, with higher loading efficiency and NaBH4 hydrolysis activity than 
previously employed methods 
 A method for reactivating the aforementioned catalysts after long-term exposure to 
alkaline solution, after which they are able to regain at least 80-90% of their initial 
activity 
 A new reactor design for a NaBH4-based hydrogen storage system, which allows a 
greater hydrogen storage capacity to be attained than with the continuous-flow 
systems which have traditionally been used 
 A new reaction for synthesising NaBH4 from NaBO2, which utilises recyclable 
organosilicon hydride reducing agents, and can be carried out in solution at milder 
conditions than the currently-employed Schlesinger process 
 A conceptual design for a new NaBH4 manufacturing process based on the above 
reaction, in which formic acid is used as an alternative input material in place of 
sodium hydride, providing cost and energy savings of an order of magnitude 
7.2 Recommendations for Future Work 
Despite these accomplishments, there remain several aspects of the above system which 
have potential for improvement, or require further refinement before they can be put to 
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practical use. For example, the supported Co-B catalyst could be improved by 
incorporating transition metal additives (e.g. W, Mo, Cr), which have been shown to 
increase NaBH4 hydrolysis activity by many studies in the literature. 
The testing of the prototype reactor demonstrated the effectiveness of the design 
concept; however, there is still scope for improvement, which may enable it to meet the 
DOE's GHSC target of 5.5 wt%. Modifying the reactor design to include a method of 
mechanically separating the NaBO2 precipitate, along with an air-blown drying system for 
removing its waters of crystallisation, will allow further GHSC increases to be achieved. 
The new reaction for producing NaBH4 was successfully demonstrated, but it has yet 
to be fully optimised. The yield of NaBH4 was lower than predicted by NMR 
measurements, which was most likely due to losses in the extraction process. A new 
method of extracting NaBH4 from the diglyme solution, which can minimise the amount of 
product oxidation and back-reaction, will be necessary to optimise the yield. Also, the use 
of organotin hydrides was attempted but unsuccessful in this work; further investigation will 
be required to verify whether they can be used for this method of NaBH4 production. 
The new process described in Chapter 6 mostly utilises reactions which have been 
demonstrated in the literature; however, some knowledge gaps still remain. Foremost of 
these is the reaction step involving silyl formate decarboxylation, which should be possible 
(based on the reversibility of the CO2 addition reaction) but has not yet been investigated 
specifically. This should be considered an issue of high priority, if the process is to be 
developed and ultimately commercialised. 
There is potential for further reductions of the NaBH4 cost using the new process, by 
utilising less expensive methods of producing formic acid. These include oxidation of 
formaldehyde (an analogous but lower-cost compound) and catalytic hydrogenation of 
CO2. The latter method could allow integrated on-site production of formic acid using the 
CO2 waste stream from the formate decarboxylation step.
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Appendix A: Mass Balance Tables 
The key inputs, outputs, and recycle loops in the Schlesinger process are shown in Table 
A.1. Note that this includes the electrolytic production of sodium, so NaCl and Cl2 are 
considered to be an input and output respectively. Recycle loops are quantified as the 
mass of the reagent which would need to complete one full loop through the process in 
order to produce 1 kg of NaBH4. 
Table A.1: Mass balance table for the Schlesinger process 
Material Mass Flow (kg/kg NaBH4) 
Inputs  
Na2B4O7 1.33 
NaCl 6.18 
H2 0.11 
H2O 0.60 
H2SO4 0.65 
Outputs  
NaBH4 1.00 
Cl2 3.75 
NaOH 3.17 
Na2SO4 0.94 
Recycle Loops  
H2O 1.43 
CH3OH 2.54 
Table A.2 shows the inputs, outputs, and recycles of the new organometallic hydride-
based process illustrated in Figure 6.4. The two columns represent scenarios in which 
recycled NaBO2 or borax/NaOH are used as feed materials. Note that triethylsilane was 
assumed to be the reducing agent.
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Table A.2: Mass balance table for the organosilane process 
Material Mass Flow (kg/kg NaBH4) 
Inputs Recycled NaBO2 Input Na2B4O7/NaOH Input 
NaBO2 1.74 N/A 
Na2B4O7 N/A 1.33 
NaOH N/A 0.53 
HCOOH 4.87 4.87 
Outputs  
NaBH4 1.00 1.00 
CO2 4.66 4.66 
H2O 0.95 1.07 
Recycle Loops  
Et3SiH 12.30 12.30 
CH3OH 3.39 3.39 
HCl 3.86 3.86 
Appendix B: Energy Balance Tables 
Thermodynamic properties such as the standard heats of formation (∆ܪ௙௢) were needed for 
calculating the energy balance of the process. However, for some of the less common 
substances such as the organosilanes, the properties were not available in the literature 
and had to be inferred based on similar compounds. The values used and the sources 
from which they were derived are shown in Table A.3. 
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Table A.3: Enthalpies of formation of compounds relevant to the current process 
Compound (kJ/mol)∆Hof  Reference/notes 
NaBO2 -977.0 Provided in [1] 
Na2B4O7 -3291.1 Provided in [1] 
NaBH4 -188.6 Provided in [1] 
NaB(OCH3)4 -1372.4 Estimated assuming similar heat of methanolysis to 
NaBH4 alcoholysis with ethylene glycol [2] 
NaH -56.3 Provided in [1] 
NaOH -425.6 Provided in [1] 
NaCl -411.2 Provided in [1] 
Na2SO4 -1387.1 Provided in [1] 
NaOCH3 -366.2 Provided in [3] 
Et3SiH -254.0 Provided in [4] 
Et3SiO(O)CH -704.7 Calculated from heat of CO2 addition to Et3SiH 
provided in [5] 
Et3SiOCH3 -557.3 Interpolation between heats of formation of Et4Si 
[4] and SiCl4 [1] 
Et3SiCl -423.8 Interpolation between heats of formation of Et4Si 
and (H3CO)4Si [4] 
HCOOH -425.0 Provided in [1] 
HCl -92.3 Provided in [1] 
H2SO4 -814.0 Provided in [1] 
H3BO3 -1094.3 Provided in [1] 
CH3OH -239.2 Provided in [1] 
CO2 -393.5 Provided in [1] 
Considering only the heats of reaction for the major process steps, the reactor heat 
duties for the Schlesinger process are shown in Table A.4. Note that this does not 
consider the heat required to bring the input streams to the desired reaction temperatures. 
Table A.4: Energy balance table for Schlesinger process 
Reaction Heat Duty (MJ/kg NaBH4) 
Exothermic Steps 
4233242742 SONa4
1BOHOH
4
5SOH
4
1OBNa
4
1   1.52
4NaH2H4Na 2   5.96
3433 3NaOCHNaBH)B(OCH4NaH  4.29
OH3CH3NaOHO3HNaOCH 323 3 1.02
Total: 12.78
Endothermic Steps 
O3H)B(OCHOH3CHBOH 233333   1.44
22Cl4Na4NaCl   43.51
Total: 44.96
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In contrast, the energy demand for the new process based on organosilanes is much 
lower, as shown in Table A.5. The two main energy-consuming steps of this process are 
the conversion of the organosilicon chloride into formate, and the decarboxylation of the 
formate in the following step.  
Table A.5: Energy balance table for the organosilane process 
Reaction Heat Duty (MJ/kg NaBH4) 
Exothermic Steps 
O2H)NaB(OCHOH4CHNaBO 24332   0.27
OHCHSiClEtHClSiOCHEt 3333   1.42
433433 NaBHSiOCHEt)NaB(OCH4
1SiHEt
4
1  1.78
Total: 2.47
Endothermic Steps 
 
HClSiOC(O)HEtHCOOHSiClEt 33   5.48
233 COSiHEtSiOC(O)HEt   6.05
Total: 11.53
Appendix C: Economic Potential Analysis 
Simplified to the input/output level, the Schlesinger process can be represented as shown 
in the diagram below. The NaOH and Na2SO4 are by-products which can be sold 
separately; hence, their value can be discounted from the cost of the input materials. Note 
that, for the purpose of this analysis, NaH is considered to be a purchasable input, since 
sodium is usually purchased from an outside manufacturer. 
 
Figure A.1: Input/output diagram of Schlesinger process 
 
NaH Schlesinger 
Process 
Na2B4O7 
H2SO4 
NaBH4 
NaOH 
Na2SO4 
H2O 
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Combining the mass flows in Table A.1 and the prices of the reagents (from ICIS 
Chemical Business [6,7]), the contributions of the inputs and outputs to the NaBH4 price 
can be estimated, as shown in the table below. Water was assumed to be of negligible 
cost for this calculation. 
Table A.6: Input/output economic potential analysis for the Schlesinger process 
Input Material Mass Flow (kg/ 
kg NaBH4) 
Reagent Price 
($/kg) 
Contribution to 
NaBH4 Price ($/kg 
NaBH4) 
Na2B4O7 1.33 0.42 0.56
NaH 2.54 13.53 34.36
H2O 0.60 0 0
H2SO4 0.65 0.09 0.06
Input Cost: 34.98
Output Material  
NaOH 3.17 0.46 1.46
Na2SO4 0.94 0.12 0.11
By-product Credit: 1.57
Net Cost: 33.41
The same analysis can be conducted with the new organosilane-based process. It will 
be assumed that borax and NaOH are used as inputs instead of recycled NaBO2. At the 
input/output level, the process can be represented as shown below: 
 
Figure A.2: Input/output diagram of the new organosilicon-based process 
Assuming that CO2 and water are valueless by-products, the only contributors to the 
NaBH4 price in this analysis are the input materials. The results are shown in Table A.7. 
New 
Process 
Na2B4O7 
NaOH 
HCOOH 
NaBH4 
CO2 
H2O 
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Table A.7: Input/output economic potential analysis for the organosilane-based process 
Input Material Mass Flow (kg 
per kg NaBH4) 
Reagent Price ($ 
per kg) 
Contribution to 
NaBH4 Price ($ 
per kg NaBH4) 
Na2B4O7 1.33 0.42 0.56
NaOH 0.53 0.46 0.24
HCOOH 4.87 0.74 3.60
 Input Cost: 4.40
Output Material 
H2O 1.07 0 0
CO2 4.66 0 0
Byproduct Credit: 0
Net Cost: 4.40
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